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ABSTRACT 

'* 
Exper imen t s  were conducted t o  d e t e r m i n e  i f  f ree-stream 

turbulence  scale a f f e c t s  separa t ion  of t u r b u l e n t  boundary layers .  

I n  c o n s i d e r a t i o n  of p o s s i b l e  i n t e r r e l a t i o n  be tween s c a l e  and 

i n t e n s i t y  of t u r b u l e n c e ,  t h e  l a t t e r  c h a r a c t e r i s t i c  a l s o  w a s  

va r i ed  and i t s  r o l e  w a s  e v a l u a t e d .  Flow over a 2-d imens iona l  

a i r f o i l  i n  a s u b s o n i c  wind t u n n e l  was s t u d i e d  w i t h  t h e  a i d  of 

h o t - w i r e  anemometry,  l i q u i d - f  i l m  f low v i s u a l i z a t i o n ,  a P r e s t o n  

t u b e ,  and  s t a t i c  p r e s s u r e  measurements .  P r o f i l e s  of v e l o c i t y ,  

r e l a t i v e  turbulence i n t e n s i t y ,  and i n t e g r a l  scale i n  t h e  boundary 

l a y e r  were measured. Detachment boundary was d e t e r m i n e d  f o r  

va r ious  angles  of a t t a c k  and free-s t ream turbulence.  

The free-s t ream turbulence i n t e n s i t y  and scale were found t o  

spread i n t o  t h e  e n t i r e  t u rbu len t  boundary l aye r ,  bu t  t h e  e f f e c t  

d e c r e a s e d  a s  t h e  a i r f o i l  s u r f a c e  was approached.  When t h e  

changes  i n  stream t u r b u l e n c e  w e r e  s u c h  t h a t  t h e  boundary l a y e r  

v e l o c i t y  p r o f i l e s  were unchanged, d e t a c h m e n t  l o c a t i o n  w a s  n o t  

s i g n i f i c a n t l y  a f f ec t ed  by t h e  v a r i a t i o n s  of i n t e n s i t y  and scale. 

P r e s s u r e  d i s t r i b u t i o n  remained t h e  key f a c t o r  i n  d e t e r m i n i n g  

detachment loca t ion .  
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INTRODUCTION 

This i n v e s t i g a t i o n  w a s  undertaken t o  l e a r n  i f  t h e  scale of 

turbulence i n  t h e  f r e e  stream has  any inf luence  upon t h e  l o c a t i o n  

a t  which boundary l a y e r  separat ion occurs  i n  a n  adverse p re s su re  

g r a d i e n t .  Both f r e e - s t r e a m  t u r b u l e n c e  i n t e n s i t y  and  scale 

r e c e n t l y  have  been r e p o r t e d  t o  i n f l u e n c e  l o c a l  s k i n  f r i c t i o n  

c o e f f i c i e n t  (refs. 1 -7 ) .  Thus, i n  view of t h e  l i n k a g e  o f  t h a t  

f a c t o r  w i th  sepa ra t ion  loca t ion  p r o v i d e d  by  Townsend’s a n a l y s i s  

( r e f .  8 1 ,  it  i s  i m p l i e d  t h a t  b o t h  f r e e - s t r e a m  t u r b u l e n c e  

i n t e n s i t y  and scale may a f f e c t  separat ion.  I f  so, t h e r e  would be 

concern about t h e  varying turbulence scales i n  wind tunnels ,  air- 

b r e a t h i n g  p r o p u l s i o n  u n i t s ,  and numerous o t h e r  i n t e r n a l  f l o w s .  

I n  a d d i t i o n ,  t h e  p o s s i b i l i t y  o f  o p t i m i z i n g  f low-manipula t ing  

d e v i c e s  such  a s  v o r t e x  g e n e r a t o r s  would seem feasible.  Flow 

s e p a r a t i o n  and r e l a t e d  aerodynamic phenomena are  o f  great  

importance i n  many f i e l d s  of  f l u i d s  engineering. 

I n  view o f  t h e  p reva lence  o f  t u r b u l e n t  boundary l a y e r s  i n  

c u r r e n t  p r a c t i c a l  s i t u a t i o n s ,  a n d  a l s o  i n  c o n s i d e r a t i o n  o f  t h e  

expected need t o  i n v e s t i g a t e  turbulence i n t e n s i t i e s  t h a t  would be 

r a t h e r  h i g h  i n  t h e  c o n t e x t  o f  w i n d  t u n n e l  f l o w s ,  t h i s  

i n v e s t i g a t i o n  h a s  been  focused  l a r g e l y  on t u r b u l e n t  boundary 
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l a y e r s .  Although l a m i n a r  s e p a r a t i o n  c a n  o c c u r  a t  l o w  Reynolds  

n u m b e r s ,  i n  c i r c u m s t a n c e s  o f  p r a c t i c a l  i n t e r e s t  i t  w i l l  

f r e q u e n t l y  b e  f o l l o w e d  by t r a n s i t i o n  o f  t h e  u n s t a b l e  s e p a r a t e d  

shear  l aye r  and subsequent reattachment as a t u r b u l e n t  boundary 

layer .  The l a t te r  may separate st i l l  f u r t h e r  downstream i f  it is  

exposed  t o  a s u f f i c i e n t l y  s t r o n g  p o s i t i v e  p r e s s u r e  g r a d i e n t .  

T h u s ,  i t  i s  p o s s i b l e  t o  have b o t h  l a m i n a r  a n d  t u r b u l e n t  

s epa ra t ions  wi th in  r a t h e r  shor t  streamwise d is tances .  

T h i s  i n v e s t i g a t i o n  was c o n f i n e d  t o  s u b s o n i c ,  e s s e n t i a l l y  

two-dimensional f l o w s .  The evidence f o r  a f ree-stream turbulence  

scale e f f e c t  on s k i n  f r i c t i o n  seemed somewhat i n c o n s i s t e n t  (cf. 

r e f s .  3 and 4 )  a t  t h e  t i m e  t h i s  work was p l anned ,  and it w a s  

t h o u g h t  t h a t  t h e  s i m p l e s t  c o n d i t i o n s  of p r a c t i c a l  r e l e v a n c e  

s h o u l d  be c h o s e n  f o r  s t u d y .  The  a p p r o a c h  w a s ,  first, t o  

determine i f  f ree-s t ream i n t e n s i t y  and  scale v a r i a t i o n s  a f f e c t  

detachment and then  t o  def ine t h e  parameters  t h a t  con t ro l l ed  t h e  

sepa ra t ion  process. A subsonic wind tunnel  w i t h  i t s  associated 

p r e s s u r e  t r a n s d u c e r  and ho t -wi re  anemometry s y s t e m s  and a 2- 

dimensional a i r f o i l  comprised t h e  p r i n c i p a l  e x p e r i m e n t a l  t o o l s  

used i n  t h i s  inves t iga t ion .  

It has been necessary to conduct a n  ex tens ive  experimental  

program t o  measure f ree-stream turbulence c h a r a c t e r i s t i c s  p r i o r  

t o  i n v e s t i g a t i n g  t h e  inf luence  of t hose  parameters on separat ion.  

T h i s  r e p o r t  i n c l u d e s  a summary of t h o s e  d a t a ,  which  have  been 

more f u l l y  cove red  i n  refs. 9 a n d  1 0 .  A l s o  i n  c o n n e c t i o n  w i t h  

t h i s  r e s e a r c h ,  t h e r e  w a s  an  o p p o r t u n i t y  t o  a c q u i r e  da t a  on  

2 



l a m i n a r  s e p a r a t i o n  b u b b l e s ,  i .e.,  l a m i n a r  b o u n d a r y  l a y e r  

separa t ion  followed by t r a n s i t i o n  and reattachment.  References 11 

and 1 2  stemmed from t h a t  work. 
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TECHNICAL BACKGROUND 

. 
- The Separat ion Zone 

F o l l o w i n g  Simpson (ref.  1 3 )  and o t h e r s ,  s e p a r a t i o n  i s  here 

taken t o  mean t h e  e n t i r e  process of breakaway and breakdown of a 

boundary l a y e r  f r o m  i t s  bounding s u r f a c e .  The mean s e p a r a t e d  

f low may be two- o r  three-dimensional. Although vanishing w a l l  

s h e a r  stress and f l o w  r e v e r s a l  are  u s u a l l y  a s s o c i a t e d  w i t h  

separa t ion ,  t h e s e  are only  typ ica l  of two-dimensional s epa ra t ion  

wi th  s teady  free-s t ream flow, and it i s  i n c o r r e c t  t o  assume t h a t  

t h e y  are  charac te r i s t ic  of t h r e e - d i m e n s i o n a l  s e p a r a t i o n s  o r  

unsteady f r e e  streams. 

It i s  e s s e n t i a l  t o  note  t h a t  separa t ion ,  l i k e  boundary l a y e r  

t r a n s i t i o n ,  o c c u p i e s  a spa t ia l  zone. T h i s  c a n  have  i m p o r t a n t  

imp l i ca t ions  i n  connection with t h e  i n t e r p r e t a t i o n  of p a t t e r n s  i n  

l i q u i d  s u r f a c e  f i l m s  o r  boundary l a y e r  p r o f i l e s  measured w i t h  

p r o b e s  i n  a s e p a r a t i o n  zone. "Sepa ra t ion"  u s u a l l y  i s  p r e s e n t e d  

w i t h o u t  q u a l i f i c a t i o n  a s  a s i n g l e - p o i n t  m e a s u r e m e n t .  T h e  

f o l l o w i n g  s k e t c h  i n d i c a t e s  t h e  n a t u r e  of two-dimens iona l  

s epa ra t ion  w i t h  s teady  f ree-stream f l o w ,  which i s  t h e  category 

discussed i n  t h i s  report. 

4 



The Separation Zone 

(Reference 13 ) 

I D  = i n c i p i e n t  detachment (1% instantaneous backflow) 

ITD = i n t e r m i t t e n t  t r a n s i t o r y  detachment (20 % ins tan taneous  

backf l o w  1 

TD = t r a n s i t o r y  detachment (50% ins tan taneous  backflow) 

D = detachment (mean shear  stress = 0) 

One would e x p e c t  t h a t  l e n g t h s  be tween  t h e  d e f i n e d  p o i n t s  may 

v a r y  w i t h  t h e  c o n d i t i o n s  i n  a g i v e n  case. However, t h e r e  does 

no t  s e e m  t o  be much information on t h i s  p a r t i c u l a r  a spec t  of t h e  

problem. 

The lack of data f r o m  probing wi th in  separated f l o w  reg ions  

i s  r e p e a t e d l y  remarked i n  survey  p a p e r s ,  c.f .  ref. 13. High 

t u r b u l e n c e  and reversals i n  mean f l o w  d i r e c t i o n ,  which are  

5 



c h a r a c t e r i s t i c  of t h e  s e p a r a t i o n  z o n e ,  make t h e  h o t - w i r e  

anemometer u n r e l i a b l e  d e s p i t e  i t s  r a p i d  r e sponse .  P i t o t  t u b e s  

a l s o  s u f f e r  i n  such  env i ronmen t s ,  and t h e  l a g  i n  r e s p o n s e  of 

t h e i r  t r a n s d u c e r s  i s  a n  added problem. Double-headed p i t o t  

p r o b e s  have  been used  i n  s e p a r a t i o n  zones t o  g a i n  d i r e c t i o n a l  

c a p a b i l i t y ,  b u t  t h e i r  o t h e r  problems,  i n c l u d i n g  o b s t r u c t i o n  of 

t h e  f l o w ,  remain.  Much can  be l e a r n e d  f rom f l o w  v i s u a l i z a t i o n  

techniques,  b u t  extremely complex f l o w  f i e l d s  o f t e n  are generated 

i n  s e p a r a t i o n  zones ,  and  t h e  i n t e r p r e t a t i o n  o f  s u r f a c e  l i q u i d  

f i l m  or "paint" p a t t e r n s  and other  v i s u a l  evidence i s  n o t  always 

c e r t a i n .  

Turbulence I n t e n s i t y  

Free-stream re l a t ive  t u r b u l e n c e  i n t e n s i t y  throughout t h i s  

d i scuss ion  i s  taken t o  be 

where 

7 = mean s q u a r e  of t h e  f l u c t u a t i n g  component o f  t h e  mean 

free-stream ve loc i ty ,  Urn 

A Car te s i an  coord ina te  system with x i n  t h e  streamwise d i r e c t i o n  

and y normal  t o  b o t h  x and t h e  w a l l  i s  adopted.  Or thogonal  t o  

t h e s e  i s  a z - a x i s  c o n s i d e r e d  t o  l i e  i n  t h e  s p a n w i s e  d i r e c t i o n .  

As d i s c u s s e d  i n  r e f .  1 4 ,  a h o t  w i r e  normal  t o  t h e  x - a x i s  i s  

exposed t o  f l u c t u a t i n g  v e l o c i t y  components a long a l l  three axes, 

b u t  under t h e  condi t ions  preva i l ing  i n  an  experiment such as t h e  

p r e s e n t  one, t h e  w i r e  ou tput  i s  dominated by t h e  v e l o c i t y  a long 

6 



t h e  x-axis .  

Turbulence r e l a t i v e  i n t e n s i t y  wi th in  t h e  boundary l aye r  i s  

def ined  as 

T '  = u'/U ( 2 )  

where 

U = mean streamwise v e l o c i t y  a t  h e i g h t  y w i t h i n  boundary 

l a y e r  

Turbulence Scales 

To desc r ibe  tu rbu len t  motion q u a n t i t a t i v e l y ,  i n  add i t ion  t o  

r e l a t i v e  i n t e n s i t y ,  t h e  concept  of  t u r b u l e n c e  scales h a s  been 

f o r m u l a t e d ,  ( c f .  r e f s .  15-16).  Scales i n  t i m e  and i n  space ,  a s  

w e l l  a s  scales i n  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s ,  a r e  

considered. 

D e f i n i n g  t h e  sca les  of  t u r b u l e n c e  u s u a l l y  i n v o l v e s  

c o r r e l a t i o n s  between v e l o c i t y  components separa ted  i n  e i t h e r  t i m e  

or space. I n  e i t h e r  case, the  c o r r e l a t i o n  w i l l  be a func t ion  of 

t i m e  l a p s e  or  d i s t a n c e  between t h e  points .  D i s t i n c t i o n s  are made 

be tween  s m a l l  f l u i d  e l e m e n t s  ( f l u i d  " p a r t i c l e s " )  and l a r g e r  

e lements  ( f l u i d  "lumps"). The former are comparable t o  t h e  micro 

scales, t h e  la t ter  comparable t o  t h e  i n t e g r a l  scales. Euler ian  

a n d  Lagrangian  d e s c r i p t i o n s  are u s e f u l .  I n  t h e  f i r s t ,  t h e  

v a r i a t i o n  of a proper ty  w i t h  r e spec t  t o  a f i x e d  coordinate  system 

i s  c o n s i d e r e d ;  i n  t h e  l a t t e r ,  t h e  v a r i a t i o n  o f  t h e  p r o p e r t y  

c o n n e c t e d  w i t h  a g i v e n  f l u i d  p a r t i c l e  o r  f l u i d  lump  i s  

determined. 
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Trad i t iona l ly ,  t h e  i n t e g r a l  scale usua l ly  has  been used 

i n  e f f o r t s  t o  d e t e r m i n e  t h e  r o l e  o f  t u r b u l e n c e  s c a l e  i n  

connection w i t h  drag, heat transfer, separa t ion ,  t r a n s i t i o n ,  etc. 

However, o t h e r  scales i n  t h e  s p e c t r u m  of  t u r b u l e n c e  have  been 

i d e n t i f i e d ,  a n d  s eve ra l  r e c e n t  r e p o r t s  of s t u d i e s  of t h e  

in f luence  of  f ree-s t ream t u r b u l e n c e  on boundary l a y e r s  p r e s e n t  

d i s c u s s i o n s  based e x c l u s i v e l y  on  a d i s s i p a t i o n  l e n g t h  scale 

p a r a m e t e r  (e.g. r e f s .  5-7). The l a t t e r  i s  a t t r a c t i v e  i n  t h a t  it 

i s  gene ra l ly  easier t o  measure. 

With regard t o  t h e  scale of m o s t  in f luence  on boundary l a y e r  

s e p a r a t i o n ,  t h e  i s s u e  would a p p e a r  t o  b e  whe the r  g r a d i e n t - t y p e  

t r a n s p o r t  o f  t u r b u l e n c e  p r o p e r t i e s ,  re la ted t o  t h e  mic ro -  o r  

d i s s i p a t i o n  lengths ,  o r  t r anspor t  by bulk movement r e l a t e d  t o  the  

i n t e g r a l  scales i s  t h e  dominant process. One i s  attracted t o  t h e  

idea t h a t  b u l k  movement, and t h e r e f o r e  i n t e g r a l  scale, i s  t h e  

most  l i k e l y  c a n d i d a t e .  The a lmost  u n i v e r s a l  c h o i c e  o f  e a r l y  

i n v e s t i g a t o r s  of scale  e f f e c t  on  boundary l a y e r s  h a s  been  t h e  

i n t e g r a l  scales (e.g., re f .  17).  Numerous o t h e r  examples of t h i s  

c h o i c e  c o u l d  b e  cited. However, i n  1 9 7 4 ,  Bradshaw ( r e f .  1 8 )  

proposed  t h a t  a d i s s i p a t i o n  l e n g t h  scale  p a r a m e t e r  b e  u s e d  f o r  

i n t e r p r e t a t i o n  of t h e  e f f e c t s  of turbulence scale upon boundary 

l a y e r s ,  and t h i s  i s  t h e  p a t h  f o l l o w e d  b y  several of t h e  r e c e n t  

i n v e s t i g a t o r s .  A c c o r d i n g  t o  re f .  1 8 ,  t h e  l o n g i t u d i n a l  

d i s s i p a t i o n  l e n g t h  scale i s  p r o p o r t i o n a l  t o  and o f  t h e  o r d e r  of  

t h e  i n t e g r a l  scale. Both scales w e r e  measured  i n  t h e  p r e s e n t  

case, and each i s  def ined here. 
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I .  

I C  

I n t e q r a l  Scale: 

References 15-16, for example, contain d e t a i l e d  d i scuss ions  

o f  t h i s  t o p i c ,  so  o n l y  t h e  p a r t i c u l a r  approach  f o l l o w e d  i n  t h e  

p resen t  work is  described. I f  t h e  f l u c t u a t i n g  v e l o c i t y  component 

u i s  measured a t  t i m e s  t and ( t  + r ) ,  a c o r r e l a t i o n  c o e f f i c i e n t  

may be def ined as 

When Ru i s  determined for a range of t i m e  delays,  a curve such as 

shown i n  Fig.  1 i s  produced. A q u a n t i t y  def ined as 

t = Ru d t  ( 4 )  

i s  mul t ip l i ed  by t h e  mean ve loc i ty ,  U, t o  g ive  a length  I, which 

r e p r e s e n t s  t h e  t y p i c a l  x d imens ion  of t h e  e n e r g y - c o n t a i n i n g  

edd ie s  i n  t h e  flow. T h i s  i s  t h e  i n t e g r a l  scale used h e r e a f t e r  i n  

t h i s  r e p o r t .  C o n s i d e r a t i o n s  of other coord ina te  d i r e c t i o n s  and 

v e l o c i t y  components l e a d s  t o  t h e  o t h e r  i n t e g r a l  scales. I n  

p r a c t i c e  t h e  i n t e g r a t i o n  i n  Eq. ( 4 )  i s  te rmina ted  where Ru f i r s t  

becomes zero. 

D i s s ipa t ion  Lenqth Scale Parameters: 

A streamwise d i s s i p a t i o n  length  scale parameter i s  defined 

fo l lowing  r e f s .  15 and 18, vizor 
- - 

Lx = - ( u 2 )  * 5 / [ U , ( d ~ 2 / d ~ ) ]  (5) 

The l o n g i t u d i n a l  t u r b u l e n c e  ene rgy  produced by  g r i d s  t y p i c a l l y  

decays according t o  a r e l a t i o n  such as 

- 
where u2 = mean u2 va lue  
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C = a cons tan t  

M = g r i d  mesh s i z e  

x = d i s t ance  downstream from g r i d  and 

Xo = a cons tan t  

The re  i s  f r e q u e n t  need  for  an e f f e c t i v e  s t a r t i n g  l e n g t h  t o  be 

used  i n  o r d e r  t o  f i t  Eq. (6) t o  e x p e r i m e n t a l  d a t a ,  t h u s  Xo i s  

p resen t  t o  accommodate t ha t  need. When Eq. ( 6 )  i s  d i f f e r e n t i a t e d  

and combined w i t h  Eq. (51 ,  it  i s  found t h a t  

Lx/M = nC-' 'In[ (X-X, /M] 1 - 0  s/n ( 7 )  

It i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  parameter w i l l  i nc rease  w i t h  

X/M i f  n > 0.5 b u t  d e c r e a s e  i f  n < 0.5. One s u p p o s e s  t h a t  t h e  

va lue  of  n i s  a f f e c t e d  if turbulence o r i g i n a t e s  downstream o f  t h e  

g r id .  For example, turbulence may be generated i n  a d i f f u s e r  or 

a t  a wind t u n n e l  f a n  and p r o p a g a t e  u p s t r e a m  i n  s u b s o n i c  f low.  

When t h a t  happens, t h e  rate of turbulence decay i s  altered. The 

p o s s i b i l i t y  of turbulence "feed-in" downstream of a g r i d  cannot 

be ignored f o r  many subsonic wind tunnels.  

The boundary l a y e r  o n  a n  a i r f o i l  i n  a wind t u n n e l  w a s  

s t u d i e d  i n  t h i s  r e s e a r c h .  T h e r e f o r e ,  free-stream t u r b u l e n c e  

c h a r a c t e r i s t i c s  were measured a t  a p o i n t  on t h e  tunnel  c e n t e r l i n e  

i m m e d i a t e l y  ups t r eam o f  t h e  s t a t i o n  where  t h e  a i r f o i l  l e a d i n g  

edge w a s  later located. A catalog of TL, IXm, and Lx, va lues  w a s  

compiled f o r  f i v e  turbulence-producing g r i d s  located a t  var ious  

d i s t a n c e s  upstream of t h e  tes t  sect ion.  Examples of t h e s e  data 

are shown later. 

The previous inves t iga t ions  of t h e  combined e f f e c t  of both 
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T 0  and I, o r  L, on l o c a l  s k i n  f r i c t i o n  o r  S t a n t o n  number (cf.  

r e f s .  1-7) led t o  t h e  several  empi r i ca l ly  determined c o r r e l a t i o n  

parameters 1 i s t e d  below. These parameters col lapsed ACf /Cf or 

ASt/Sto da t a  t o  s i n g l e  curves wi th  moderate scatter, wi th in  t h e  

scope or range of condi t ions covered i n  t h e  referenced s tudies:  

100  ( U ’ / U e ) / [ ( L x / 6 )  + 2 1  . . . r e f .  5 

100 (u’ /Ue)/[(Lx/6)  + 21 [ 3  exp(-Re0/400) + 13 . . . ref. 6 

When Castro ( r e f .  7 )  extended t h e  ACf/Cfo measurements t o  lower 

R e g  t h a n  p r e v i o u s l y  covered h e  ach ieved  t h e  c o r r e l a t i o n  o f  h i s  

and Hancocks’ ( r e f .  1) d a t a  by p l o t t i n g  

( A C f / C f o )  { 1 + 10/[F2 exp(-Re0/400)1 1 
as a func t ion  of F, where 

F = 100  (u’/Ue) / [(0.5&/6) + 2.51 

In  a l l  cases 6 i s  defined t o  correspond w i t h  U/Ue = 0.995. 

Although t h e  above pa rame te r s  v a r y ,  t h e y  a l l  s u g g e s t  t h a t  

t h e  e f f e c t s  of T’ and I, or L, are’ o p p o s i t e ,  i.e., Cf i n c r e a s e s  

w i t h  T’ but  decreases as I, or Lx increase.  

A f e w  words a r e  necessary regarding the  r e l a t i o n s h i p  of I, 

and L,. I n  r e f .  18 it i s  remarked t h a t  

L, = 4.5 I, 

L, - 1.5 I,. 

while ,  i n  r e f .  6 ,  it is  noted t h a t  
- 

I n  t h e  expe r imen t s  t o  be  d e s c r i b e d ,  n e i t h e r  of  t h e  above 

r e l a t i o n s  holds. I n  t h e  case  of ref. 18, it seems t h a t  re ference  

i s  made t o  g r i d s  i n s t a l l e d  ups t ream of t h e  working sec t ion  i n  a 

d u c t  of c o n s t a n t  a r e a .  I n  r e f .  6 ,  it i s  clear  t h a t  t h e  g r i d s  
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were mounted upstream of a cont rac t ion  i n  area preceding t h e  test 

sec t ion .  Both conf igura t ions  w e r e  used i n  t h e  p re sen t  work. 

I n t e r a c t i o n  of Free-Stream and Boundary Layer Turbulence - - 
I t  i s  p e r h a p s  p rema tu re  t o  p r e s e n t  t h i s  t o p i c ,  because  it 

w i l l  have t o  be taken up again when r e s u l t s  of t h i s  i n v e s t i g a t i o n  

are discussed. However, f o r  background t o  t h e  experimental  data 

as they  are presented, some of t h e  physical  concepts app l i cab le  

t o  t h e  p r e s e n t  s t u d y  should  be  mentioned.  These are drawn 

p r i n c i p a l l y  from refs. 4 ,  7 ,  13, and 18. 

Meier ( r e f .  4 )  comments t h a t  "Maximum v a l u e s  o f  t h e  s k i n  

f r i c t i o n  c o e f f i c i e n t  a t  T A =  c o n s t .  w e r e  o b t a i n e d  a t  l e n g t h  

scales i n  t h e  o r d e r  of t h e  boundary l a y e r  t h i c k n e s s . "  Simpson 

( r e f .  1 3 )  o b s e r v e s  t h a t  " t h e  backf low r e g i o n  i s  s t r o n g l y  

dominated by t u r b u l e n t  f l u c t u a t i o n s  t h a t  are greater than,  o r  a t  

l eas t  comparable  t o ,  t h e  mean ve loc i t ies  . . . ." F u r t h e r ,  he 

s ta tes  t h a t  t h e r e  i s  no  l o c a t i o n  w i t h  back f low a l l  of  t h e  t i m e .  

T h i s  i s  s i g n i f i c a n t  i n  connec t ion  w i t h  e f f o r t s  t o  measure  

v e l o c i t y  p r o f i l e s  i n  separat ion zones. 

I n  t h e  i n t r o d u c t o r y  p a r t  o f  r e f .  18 ,  Bradshaw s u g g e s t s  

t e n t a t i v e l y ,  based  on v a r i o u s  ev idence ,  t h a t  "free-stream 

t u r b u l e n c e  r e d u c e s  t h e  a b i l i t y  of t h e  e x i s t i n g  s h e a r  l a y e r  

t u r b u l e n c e  t o  t r a n s f e r  momentum o r  scalars,  and/or  t h a t  t h e  

s h e a r - l a y e r  t u r b u l e n c e  r educes  t h e  mix ing  a b i l i t y  o f  t h e  f r e e -  

stream turbulence t h a t  adjoins  it." A t  another  po in t ,  he asserts 

t h a t  "it appears t h a t  large-scale  free-stream turbulence has no 
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d i r e c t  e f f ec t  on t u r b u l e n c e  s t r u c t u r e .  . . .I1 A l s o ,  "If t h e  

i n t e n s i t y  and length  scale of t h e  free-stream turbulence  are of 

t h e  same order as t h o s e  of t h e  shear l a y e r  - a s  t h e y  must  be t o  

produce  s i g n i f i c a n t  effects.  . . .'I L a s t l y ,  "It i s  demanded by 

l o g i c ,  and conf i rmed  by  expe r imen t ,  t h a t  t h e  e f f e c t  o f  f r e e -  

stream turbulence i s  first fe l t  by t h e  o u t e r  layer." 

Castro ( r e f .  7 )  writes  t h a t ,  "It appears t h a t  t h e  a d d i t i o n  

of  free-stream t u r b u l e n c e  s i g n i f i c a n t l y  r e d u c e s  t h e  Reynolds  

number e f f e c t s  on u 2  and  t h e r e  i s  even  a s u g g e s t i o n  t h a t  a t  t h e  

h i g h e s t  v a l u e  of FSTP (free-stream t u r b u l e n c e  p a r a m e t e r )  . . . 
t h e  e f f e c t  i s  reversed." The FSTP r e f e r r e d  t o  i s  

(u'/Ue)/t (Lx/S) + 21 

This s e c t i o n  has  been included t o  provide background t o  t h e  

remainder of t h e  repor t .  The l inkage  between t h e  earlier work, 

mos t  of which r e p o r t e d  t h e  e f f e c t  of f r e e - s t r e a m  t u r b u l e n c e  

on Cf o r  St,  and s e p a r a t i o n  is  o f f e r e d  by  Townsend's a n a l y s i s  

(ref.  15) .  I t  i s  shown t h e r e  t h a t  Cf i s  a fac tor  a f f e c t i n g  

sepa ra t ion  locat ion.  That r e l a t i o n s h i p  is  made use of later when 

t h e  p re sen t  d a t a  are discussed. 
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EQUIPMENT and TECHNIQUES 

Wind Tunnel 

The Vanderbil t  University Engineering School Wind Tunnel i s  

shown i n  F i g u r e s  2 a n d  3 .  A t o p  v i ew o f  t h e  t u n n e l  i s  n o t  shown 

because t h e  s t r u c t u r e  is of square cross s e c t i o n  upstream of t h e  

d i f f u s e r ,  and t h e  l a t te r  component varies from square t o  c i r c u l a r  

as it extends downstream. Except f o r  t h e  f an  sec t ion ,  t h e  tunnel  

s h e l l  i s  made of f i b e r g l a s s ,  g iv ing  a very  smooth i n t e r i o r  sur-  

face.  A summary of f low condi t ions i s  presented i n  T a b l e  1. 

The smaller, higher  speed, 0.4-m s e c t i o n  i s  the normal test 

s e c t i o n ,  and a l l  subsequen t  comments w i l l  p e r t a i n  t o  t h a t  area 

un le s s  s p e c i f i c  re ference  is  made t o  the 1-m sect ion.  

A sh roud ,  honeycomb, and t w o  s c r e e n s  a r e  i n s t a l l e d  a t  t h e  

wind t u n n e l  e n t r a n c e .  

impregna ted  p a p e r  hav ing  a t h i c k n e s s  o f  0.2 mm. 

The honeycomb i s  f a b r i c a t e d  of p l a s t i c  

The re  are t w o  

l a y e r s  making u p  t h e  honeycomb. I n  e a c h  l a y e r  t h e  cel ls ,  o r  

openings, are approximately t r i a n g u l a r  i n  cross sec t ion ,  w i th  a 

b a s e  o f  9.5 m m  and h e i g h t  of 8 mm. S t r e a m w i s e  d imens ion  of t h e  

assembly is  64 mm, g iv ing  a length-to-hydraulic d iameter  r a t i o  of 

approximately 7. 

Two f i b e r g l a s s  s c r e e n s  w i t h  6.3 mesh/cm (16/ in . )  are  

i n s t a l l e d  t o  r e d u c e  t u r b u l e n c e .  A d d i t i o n a l  s c r e e n s  may be 

i n s e r t e d  i f  it i s  des i r ed  t o  s tudy  phenomena r equ i r ing  ve ry  low 

f ree-stream t u r b u l e n c e .  R e l a t i v e  t u r b u l e n c e  i n t e n s i t y  i n  t h e  
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test sec t ion  i s  approximately 0.16 percent  w i th  t h e  present  set 

of screens. F i g u r e  4 i s  a p l o t  of  T k a s  a f u n c t i o n  of  free- 

stream veloc i ty .  

V e l o c i t y  d i s t r i b u t i o n  l a t e r a l l y  a c r o s s  t h e  0.4-m t e a t  

s e c t i o n ,  measured by hot -wire  and P i t o t - s t a t i c  p robes ,  i s  

c o n s t a n t  t o  w i t h i n  t 1 p e r c e n t  i n  t h e  c e n t r a l  0.3 m ( 1 2  i n . )  a t  a 

mean v e l o c i t y  of 6 0  m / s  (200 f p s ) .  L o n g i t u d i n a l  v e l o c i t y  

g r a d i e n t  i n  t h e  t e s t  s e c t i o n  i s  v i r t u a l l y  z e r o  a t  a l l  of t h e  

usual  test condi t ions.  

A f l e x i b l e  c o u p l i n g  a t  t h e  downstream end o f  t h e  d i f f u s e r  

reduces v ib ra t ion  t h a t  would be caused by t h e  cen t r i fuga l  f a n  and 

motor. The l a b o r a t o r y  f l o o r  i s  o f  t h i c k  c o n c r e t e  and q u i t e  

r i g i d .  However, a t  h i g h e r  speeds t h e r e  i s  a s m a l l  amount of 

v i b r a t i o n  i n  t h e  t u n n e l  s h e l l ,  s o  s e n s i t i v e  probes  are  mounted 

o n t o  t h e  l a b o r a t o r y  f l o o r  o r  t o  heavy s t r u c t u r a l  s teel  beams 

above t h e  wind tunnel.  Most of t h e  flow surveys discussed l a t e r  

w e r e  made w i t h  h o t - w i r e  o r  p r e s s u r e  probes  mounted t o  t h e  

overhead s t r u c t u r e  a s  shown i n  Fig. 5 

F i g u r e  6 shows t h e  a i r f o i l  w i t h  t h e  s p o i l e r  used i n  t h i s  

i nves t iga t ion ,  and Fig. 7 shows t h e  f iber -opt ic ,  surface-sensing 

device t h a t  enables  t h e  d e l i c a t e  hot-wire sensor t o  be posit ioned 

w i t h i n  a q u a r t e r  of  a m i l l i m e t e r  o r  less d i s t a n c e  from a s o l i d  

s u r f a c e  without being broken by contact.  The l a t t e r  i s  a f ibe r -  

o p t i c ,  l igh t -emi t t ing  auxi l ia ry  probe ( A )  which is mounted on t h e  

same micrometer system t h a t  posi t ions t h e  f low probe (B). Light 

from a photo-flood l i g h t  outs ide of t h e  tunnel passes through a 
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f ibe r -op t i c  f i l amen t  and i s  emit ted from t h e  end of the tube  ( A ) ,  

which i s  a d j u s t e d  so  t h a t  it i s  p e r p e n d i c u l a r  t o  t h e  model 

s u r f a c e  (C ) .  When t h e  end of t h i s  t u b u l a r  p r o b e  c o n t a c t s  t h e  

model s u r f a c e ,  t h e  c i rcu lar  s p o t  o f  l i g h t  beamed f rom i t s  open 

end  (D) i s  e x t i n g u i s h e d .  T h i s  p r o v i d e s  a s u f f i c i e n t l y  p r e c i s e  

and r e p e a t a b l e  i n d i c a t i o n  of h o t - w i r e  d i s t a n c e  f rom t h e  model 

s u r f a c e  when t h e  end of tube  ( A )  t o u c h e s  t h e  s u r f a c e  and  t h e  

displacement between hot-wire f l o w  probe and l i gh t - emi t t i ng  probe 

t i p  has  been determined. The latter dimension is  measured i n  t h e  

p r e s e n t  case by a t e l e s c o p e  equipped  w i t h  a micrometer and 

movable cross ha i rs .  I n  p r a c t i c e ,  t h e  t w o  coup led  p r o b e s  are  

d i s p l a c e d  so  t h a t  t h e  ve ry  f r a g i l e  h o t  w i r e  s e n s o r  d o e s  n o t  

c o n t a c t  t h e  model s u r f a c e  when t h e  l i g h t  p robe  t o u c h e s  t h a t  

s u r f  ace. The p r i n c i p a l  advantage of t h i s  technique f o r  indexing 

probe p o s i t i o n  i s  t h a t  it i s  usable when t h e  model s u r f a c e  i s  not  

e l e c t r i c a l l y  c o n d u c t i n g  and a n  electrical s igna l  of surface-to- 

probe con tac t  cannot be obtained. 

Pressure  and - Hot-Wire/Hot-Film Systems 

The V a n d e r b i l t  Wind Tunnel i s  equipped  w i t h  a S c a n i v a l v e  

C o r p o r a t i o n  DSS 24C MK3 e l e c t r o n i c  s w i t c h i n g - v a l v e  p r e s s u r e  

t r a n s d u c e r  sys tem.  When t h i s  i s  used  i n  c o n j u n c t i o n  w i t h  a 

manua l ly -ope ra t ed  Norgren F l u i d i c s  10 -por t  s w i t c h ,  up  t o  34  

p r e s s u r e  measurement  channe l s  are a v a i l a b l e .  Because t h e  

S c a n i v a l v e  p r e s s u r e  t r a n s d u c e r  r a n g e  i s  t o o  h i g h  f o r  a c c u r a t e  

r e s u l t s  i n  t h e  p r e s e n t  program, a M K S  B a r a t r o n  Model 170M-6C 
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precision pressure transducer with a full-scale range of 100 mm 

Hg was used. 

Three channels of hot-wire instrumentation are available. 

These include one Thermo Systems, Inc. (TSI) Model 1050 and two 

TSI Model 1010 anemometer systems. Each anemometer channel has a 

linearizer, a TSI Model 1052A being used with the 1050 anemometer 

and TSI Model 1072 linearizers with the 1010 anemometers. A TSI 

1015C Correlator is available for correlation of signals from the 

anemometers. However, it was more convenient and accurate to 

utilize digital signal processing techniques made possible by 

availability of an analog-to-digital convertor and an Apple IIe 

computer connected to VAX and DEC mainframes. 

The hot-wire voltage measurements, D.C., rms, and mean 

square, were obtained with a TSI Model 1076 digital voltmeter. 

This instrument may be operated with time constants of 0.1, 1.0, 

10 and 100 seconds. 

Data acquisition was accomplished with an Interactive 

Structures, Inc., Model A113 analog-to-digital converter coupled 

to an Apple IIe computer. Experiments were conducted to 

determine the effects of sampling time and frequency, and the 

optimum schedule was selected. Computer programs written to 

process the hot-wire data and compute turbulence properties are 

in Appendix I of this report. 

The hot-wire/hot-film probes were of convention design. The 

hot-wire sensors were platinum coated tungsten on gold plated 

needle-type supports. Diameter of sensing element is 3.8  p 
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( 0 . 0 0 0 1 5  i n . )  a n d  t h e  l e n g t h  i s  1 . 2 7  m m  ( 0 . 0 5 0  i n . ) .  

Corresponding dimensions of t h e  h o t - f i l m  probe sensors  were 51 1-1 

(0 .002  i n . )  and 1.0 m m  (0.040 i n . ) .  The s e n s o r  f i l m s  w e r e  

p l a t i n u m  w i t h  a n  a l u m i n a  coa t ing .  Fused q u a r t z  s u b s t r a t e s  and 

g o l d  p l a t e d  need le - type  s u p p o r t s  were used. A pho tograph  o f  a 

hot-wire probe may be seen i n  Fig. 7. 

Although some e a r l y  measurements  w e r e  made w i t h  h o t - f i l m  

probes, it w a s  discovered t h a t  those  gave erroneous (high)  u' a t  

f r e e - s t r e a m  s p e e d s  above roughly  40-45 m / s  ( 1 4 0  f p s ) .  T h i s  

problem w a s  n o t  s tud ied  i n  d e t a i l ,  once t h e  t r o u b l e  w a s  i s o l a t e d  

t o  t h e  probe type. However, it i s  apparent t h a t  t h e  much g r e a t e r  

diameter  of t h e  hot-f i lm sensor led t o  much lower f requencies  of 

v o r t e x  shedd ing  ( c f .  r e f .  1 9 1 ,  and i t  seems l i k e l y  t h a t  t h i s  may 

have a f f e c t e d  t h e  readings. Probe v i b r a t i o n  w a s  a l s o  suspected, 

b u t  t h e  a d d i t i o n  of s t i f f e n i n g  f i l le ts  t o  t h e  sensor-supporting 

n e e d l e s  d i d  n o t  e l i m i n a t e  t h e  t r o u b l e .  It  i s  no tewor thy  t h a t  a 

s i m i l a r  f a i l i n g  w a s  found l a t e r  when u s i n g  a "boundary-layer"  

t y p e  o f  p robe  w i t h  l o n g ,  curved,  n e e d l e - l i k e  s u p p o r t s  f o r  t h e  

s e n s o r ,  even  though t h e s e  had a h o t - w i r e  s e n s o r .  I n  t h a t  case, 

it seems m o s t  p r o b a b l e  t h a t  t h e  l o n g  s u p p o r t  n e e d l e s  must  have  

v i b r a t e d .  Changing t o  s t i f f e r  t y p e  o f  probe s e e n  i n  Fig.  7 

apparent ly  avoided t h e  problem. A l l  hot-wire data presented i n  

t h i s  r e p o r t  were o b t a i n e d  w i t h  p r o b e  c o n f i g u r a t i o n s  t h a t  

pe r fo rmed  best  and seemed f r e e  o f  s p u r i o u s  i n f l u e n c e s  a f t e r  a 

p e r i o d  of  t r i a l  t e s t i n g .  Experiments  w e r e  pe r fo rmed  t o  c o n f i r m  

t h a t  t h e  s u p p o r t  s t r u t  of t h e  p robe  shown i n  Fig.  7 d i d  n o t  

18 



a f f e c t  t h e  sensor  s igna l .  

It w a s  necessary t o  make a smal l  co r rec t ion  t o  t h e  hot-wire 

v o l t a g e s  when t h e  w i r e  was v e r y  close ( <  1 m m )  t o  t h e  a i r f o i l  

surface. Heat t r a n s f e r  t o  t h e  c o o l e r  a i r f o i l  caused  h o t - w i r e  

v o l t a g e s  t o  f a l s e l y  i n d i c a t e  h i g h e r  veloci t ies .  An example of  

t h i s  e f f e c t  i s  shown i n  Fig. 8. The c o r r e c t i o n  p r o c e d u r e  

followed r e f .  20. 

Another  t y p e  o f  error becomes i m p o r t a n t  when t u r b u l e n c e  

i n t e n s i t y  levels are  above t h e  o r d e r  of 10%. Near t h e  a i r f o i l  

su r f ace  i n  t h e  separa t ion  zone, turbulence i n t e n s i t i e s  of 1 0  t o  

50% were recorded. Following Bradshaw ( r e f .  1 4 )  a maximum e r r o r  

i n  T’ of a p p r o x i m a t e l y  +11% i s  e s t i m a t e d  f o r  t h e  most  a d v e r s e  

condi t ions  for which data are given i n  t h i s  repor t .  Inasmuch as 

t h a t  one case i s  o n l y  used  a s  a q u a l i t a t i v e  example o f  h i g h  T’ 

e n c o u n t e r e d  i n  t h e  s e p a r a t i o n  zone,  and a l l  o t h e r  c o r r e c t i o n s  

would be wi th in  t h e  uncertainty band of t h e  data, ’ n o  co r rec t ions  

f o r  high-turbulence e r r o r  were made. 

Skin f r i c t i o n  measurements were made w i t h  t h e  Preston tube  

shown i n  Fig.  9. O u t s i d e  d i a m e t e r  a t  t h e  e n t r a n c e  w a s  7.1 mm 

(0.028 in.). The pressure  was read w i t h  t h e  MKS Baratron system. 

The p r o c e d u r e  f o l l o w e d  ref. 2 1 ,  and  i t  w a s  found t h a t  t h e  

parameters  i n  t h e  p re sen t  case f e l l  w i th in  t h e  range covered i n  

t h a t  r e f e r e n c e .  E f f e c t s  of p r e s s u r e  g r a d i e n t  on  P r e s t o n  t u b e  

d a t a  were evaluated following r e f .  22 and found t o  be neg l ig ib l e  

for  t h e  measurements reported here .  
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Detection - of Detachment a Liquid Films 

L iqu id  f i l m s  of va r ious  s o l u t i o n s  were p a i n t e d  o n t o  a n  

a i r f o i l  and t e s t e d  i n  the  tunnel .  It w a s  found t h a t  a mixture of 

t h e  f o l l o w i n g  approx ima te  p r o p o r t i o n s  (by volume) s e r v e d  o u r  

purpose : 

50 percent  water [Optimum proport ions 

35 percent  dry powdered poster p a i n t  

1 0  percent  glycer ine speed. This w a s  

va r i ed  with tunnel 

5 percent  Kodak Photo Flo. t y p i c a l .  3 

This so lu t ion  was brushed onto a n  a i r f o i l  sur face  t h a t  had been 

w e t t e d  w i t h  a f i l m  of soapy water. A i r  f l o w  w a s  immedia t e ly  

s t a r t e d ,  and t h e  d r y i n g  l i q u i d  f i l m  w a s  observed  u n t i l  a n  

unchanging ind ica t ion  of "detachment" was seen .  

Photography of t h e  d r i e d  p a i n t  had t o  be  done w i t h  t h e  a i d  

of  a p a i r  of p l a n e  mirrors because  of  t h e  c o n f i n e d  area and 

d i f f i c u l t y  of access created by o the r  apparatus. However, t h i s  

technique w a s  q u i t e  successful and only involved t h e  e x t r a  work 

of i n s t a l l i n g  and removing the mirrors between wind tunnel  runs.  

Photographs and tabulated da ta  are presented l a t e r  where t h e  

i n t e r p r e t a t i o n  of t h e  p a i n t  r e s u l t s  i s  addressed .  I n  g e n e r a l ,  

v e r y  s a t i s f a c t o r y  i n f o r m a t i o n  w a s  o b t a i n e d ,  b o t h  r e g a r d i n g  

separa t ion  and t h e  q u a l i t y  of two-dimensionality of t h e  flow over 

t h e  a i r f o i l .  The s t r eamwise  s t r e a k  l i n e s  v i s i b l e  i n  t h e  d r i e d  

p a i n t  are s e e n  t o  be  p a r a l l e l  t o  t h e  f r e e  stream and normal  t o  

t h e  spoiler on t h e  a i r f o i l .  



The A i r f o i l  - 
An a i r f o i l  w a s  chosen  t o  b e  t h e  body on w h i c h  t o  s t u d y  

sepa ra t ion  because it i s  obvious t h a t  one of t h e  p r i n c i p a l  areas 

of a p p l i c a t i o n  of  t h i s  r e s e a r c h  i s  t h a t  o f  a i r f o i l  and  wing 

d e s i g n .  When i n s t a l l e d ,  

it n e a r l y  spanned t h e  tes t  s e c t i o n  o f  t h e  wind  t u n n e l .  End 

p l a t e s  of r e l a t i v e l y  large s i z e  w e r e  f i t t e d  i n i t i a l l y ,  b u t  t h e  

e n d - p l a t e  area above t h e  a i r f o i l  s u r f a c e  was soon c u t  away t o  

a v o i d  boundary l a y e r  development  i n  t h e  c o r n e r s  be tween t h e  

a i r f o i l  uppe r  o r  working  s u r f a c e  and t h e  p l a t e .  Leaving  end 

p l a t e s  extending w e l l  beyond t h e  lower su r face  seemed s u f f i c i e n t  

t o  prevent  excess ive  a i r  s p i l l a g e  i n t o  t h e  region of t h e  boundary 

l a y e r  surveys on t h e  upper surface, and f low-visua l iza t ion  by t h e  

l i q u i d - f i l m  o r  p a i n t  t echn ique  r e v e a l e d  a l a r g e r  s p a n  of two- 

dimensional f l o w  without  the  i n t e r f e r e n c e  of t h e  boundary layer  

on t h e  upper area of t h e  end p la te .  

F i g u r e  1 0  i s  a s k e t c h  o f  t h e  a i r f o i l .  

O r i f i c e s  f o r  p r e s s u r e  measurement  were located a t  t h e  

nominal s t agna t ion  p o i n t  and every 1.27 c m  (0.50 in.)  downstream 

on t h e  upper surface.  Angle of a t t a c k  could be var ied ,  b u t  most 

experiments w e r e  conducted w i t h  an  angle  of 1 deg. It  w a s  found 

t h a t  better, i.e., two-dimensional upper surface f low e x i s t e d  i f  

a r e l a t i v e l y  l o w  a n g l e  of a t t a c k  w a s  m a i n t a i n e d  and s e p a r a t i o n  

w a s  caused  by a s p o i l e r ,  as shown i n  Fig.  10. T h i s  a l so  imposed 

less aerodynamic load on t h e  a i r f o i l  and mountings, so t h a t  t h e r e  

w a s  less movement under load and more p r e c i s e  probe pos i t i on ing  

w a s  poss ib l e .  
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Grids and Effects of Wind Tunnel Contract ion Sec t ion  -- 
Five d i f f e r e n t  g r i d s  were used  i n  t h e  c o u r s e  o f  t h i s  

i nves t iga t ion .  Figure 11 gives t h e  dimensions. It w i l l  be noted 

t h a t  G r i d s  1-3 were mounted i n  t h e  t u n n e l  u p s t r e a m  of t h e  

c o n t r a c t i o n  t h a t  s e p a r a t e s  t h e  l - m  and t h e  0.4-m t e s t  s e c t i o n s .  

Grids  4 and 5 were mounted a t  t h e  downstream end o f  t h a t  

con t r ac t ion ,  i.e., a t  t h e  upstream end of t h e  0.4-m test sect ion.  

Continuous 

t r a c k s  and movable mounting c l i p s  made t h a t  poss ib le .  However, 

G r i d s  4 and 5 w e r e  l o c a t e d  a t  o n l y  one streamwise s t a t i o n  a s  

a l r eady  spec i f ied .  

Streamwise p o s i t i o n s  of Grids  1-3 were variable. 

Figure 1 2  shows some of t h e  g r i d s .  

I t  i s  shown i n  refs. 9,  1 0 ,  and 23 t h a t  t h e  e f f e c t  o f  a 

c o n t r a c t i o n  i n  cross s e c t i o n  a r e a  upon stream t u r b u l e n c e  i s  

dependen t  on t h e  c h a r a c t e r  of  t h e  t u r b u l e n c e  e n t e r i n g  t h e  

contract ion.  Passage through a con t r ac t ion  between g r i d  and hot- 

w i r e  probe s t a t i o n s  a l s o  alters t h e  r e l a t i o n s h i p  between I, and 

I,,. I n  t h e  present  case, the  wind tunnel  con t r ac t ion  area ra t io  

i s  6.2 ( g e o m e t r i c )  or 6.67 (based  on measured center l i n e  

v e l o c i t i e s ) .  I n t e g r a l  scales were measured a t  t h e  en t rance  and 

a t  t h e  e x i t  of t h e  cont rac t ion  sec t ion ,  i n  a brief inves t iga t ion  

of t h i s  phenomenon, and i t  was found t h a t  a m a g n i f i c a t i o n  of 

i n t e g r a l  s ca l e  o c c u r r e d  a t  a l l  v e l o c i t i e s  and  t u r b u l e n c e  

i n t e n s i t i e s .  Figure 13 presents  t h e  measurements of IX2/Ix1 as a 

f u n c t i o n  of Ti. IX1 does  not  a p p e a r  t o  be a f a c t o r  w i t h i n  t h e  

range of t h e s e  data. Two empir ical  r e l a t i o n s h i p s  roughly f i t t i n g  

t h e  da ta  f o r  1.5 < Ti% < 6 are  
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1.31 + 2.67/Ti% (8) 
0.46 

3.71/ ( T i %  1 (9) 

shows t h e s e  equations but  it has t o  be emphasized 

t h a t  they are only based on these  l i m i t e d  observat ions.  

I t  may b e  s i g n i f i c a n t  t h a t  t h e  c o n t r a c t i o n  s e c t i o n  where 

t h e s e  d a t a  w e r e  o b t a i n e d  has a streamwise l e n g t h  t h a t  i s  0.775 

t i m e s  t h e  l a t e r a l  d imens ion  o f  i t s  e n t r a n c e  and  i s  of s q u a r e  

cross sect ion.  The change i n  tu rbulence  i n t e n s i t y  as f low passes  

t h r o u g h  a n  area c o n t r a c t i o n  h a s  been  found t o  b e  l a r g e l y  

dependen t  on t h e  area o r  v e l o c i t y  r a t i o  a l o n e  (cf.  ref. 241 ,  

a l t h o u g h  more complex r e l a t i o n s h i p s  have  been p u b l i s h e d  ( r e f .  

25). However, t h e  p o s s i b i l i t y  of  t h e  rate of  change o f  v e l o c i t y  

being a f a c t o r  i n  determining t h e  r a t i o  of IX2/1,1 should n o t  be 

overlooked. 

Turbu lence  i n t e n s i t y  r a t i o s  (Ti/T;) c o r r e s p o n d i n g  t o  t h e  

d a t a  i n  Fig.  1 3  average 1/6, w h i c h  i s  v e r y  n e a r l y  i d e n t i c a l  t o  

t h e  wind tunnel  con t r ac t ion  r a t i o ,  A2/A1. Figure 1 4  demonstrates 

t h a t  t h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  d a t a  f o r  some NASA t u n n e l s  

g i v e n  i n  r e f .  24.  On t h i s  s u b j e c t ,  it s h o u l d  b e  n o t e d  t h a t  some 

d e c l i n e  i n  T’would occur over a length  of cons tan t  area duct ,  so 

t h a t  a l l  o f  t h e  d e c r e a s e  i n  T’ shown i n  Fig.  1 4  canno t  be 

c r e d i t e d  t o  t h e  con t r ac t ion  i n  area alone. 

Table 2 lists t h e  Ti and I,, va lues  t h a t  made u p  t h e  menu of 

free-stream turbulence condi t ions available f o r  s e l e c t i o n  i n  the 

i n v e s t i g a t i o n  o f  s e p a r a t i o n .  Having a r a n g e  of T i  w i t h  I,, 

approximately equal t o  tu rbu len t  boundary l aye r  t h i ckness  on t h e  
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downstream one-half of the a i r f o i l  chord w a s  a goal. The damping 

e f f e c t  on TLexerted by t h e  con t r ac t ion  s e c t i o n  made it d i f f i c u l t  

t o  o b t a i n  h i g h e r  T k u s i n g  g r i d s  1-3. T h e r e f o r e ,  g r i d s  4 and 5 

were f a b r i c a t e d  and i n s t a l l e d  downstream of t h e  c o n t r a c t i o n .  

T h i s  produced h i g h e r  levels o f  T& b u t  t h e  p o s i t i o n  30 g r i d  mesh 

l e n g t h s  u p s t r e a m  of t h e  a i r f o i l  l e a d i n g  edge  f o r  g r i d  4 and 1 5  

mesh lengths  f o r  g r i d  5 was viewed w i t h  some apprehension because 

of poss ib l e  f l o w  nonuniformity. This concern w a s  abated when a 

s u r v e y  across t h e  stream i n  t h e  test  s e c t i o n  showed v e r y  

a c c e p t a b l e  u n i f o r m i t y  o f  t u r b u l e n c e  i n t e n s i t y .  These d a t a  are  

presented i n  Fig. 15. The sepa ra t ion  d a t a  obtained when g r i d s  4 

and 5 were used appear t o  be c o n s i s t e n t  w i t h  t h e  r e s u l t s  obtained 

when g r i d s  1, 2 ,  and 3 were used.  
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EXPERIMENTAL RESULTS AND ANALYSIS 

Pressure  Di s t r ibu t ion  - and Trans i t ion  

F i g u r e  1 0  shows t h e  a i r f o i l  and s p o i l e r  a r r angemen t .  The 

p r e s s u r e  d i s t r i b u t i o n  on t h e  a i r f o i l  f o r  a n g l e s  of  a t t a c k  of  1, 

3 ,  5 ,  and 9 deg and  f r e e - s t r e a m  speed  of 50.5 m / s  are p r e s e n t e d  

i n  F i g s .  1 6  a-d. 

The loca t ion  of boundary l a y e r  t r a n s i t i o n  wi th  no t r i p s  w a s  

determined by moving a hot-wire p robe  l o n g i t u d i n a l l y  a l o n g  t h e  

s u r f a c e  a t  y = 0.15 m m  and r e c o r d i n g  T’. The r e s u l t s  are g i v e n  

i n  F ig .  1 7  f o r  t w o  u n i t  Reynolds numbers. With Re,/m = 3.15 x 

l o 6  t h e  v a l u e s  o f  Remt a r e  6.07 x l o 5  f o r  t h e  b e g i n n i n g  o f  

t r a n s i t i o n  and roughly 9.6 x l o 5  a t  t h e  end of t r a n s i t i o n .  When 

Re,/rn = 4.00 x l o 6 ,  t r a n s i t i o n  began a t  Rernt = 7.12 x l o 5  and w a s  

comple t ed  a t  Re, = 8.74 x l o 5 .  Because it w a s  p r e f e r a b l e  t o  

conduc t  most  o f  t h e  expe r imen t s  w i t h  U, = 50.5 m / s ,  which 

c o r r e s p o n d s  t o  Re,/m = 3.15 x l o 6 ,  t r i p s  w e r e  used t o  a s s u r e  a 

f u l l y  t u r b u l e n t  boundary layer  a t  t h e  beginning of  t h e  adverse or 

p o s i t i v e  p r e s s u r e  g r a d i e n t  on t h e  a i r f o i l .  Again, a h o t - w i r e  

p r o b e  w a s  u sed  t o  v e r i f y  t h e  d e s i r e d  f u l l y  t u r b u l e n t  boundary 

l a y e r  while  using a t r i p  of minimum height .  

Detachment Locations 

Figures  18  and 1 9  are examples of t h e  d a t a  on sepa ra t ion  as 

determined by t h e  l iquid-f i l m  technique. The small scale shown 

on t h e  r i g h t - h a n d  s i d e  i n  a l l  ove rhead  p h o t o s  i s  pushed a g a i n s t  
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t h e  ups t r eam f a c e  of t h e  s p o i l e r .  Numerous r e p e t i t i o n s  of  t he  

l i q u i d - f  i l m  measurements  demonstrated e x c e l l e n t  consis tency of 

r e s u l t s .  Before proceeding t o  d i scuss  these data it is  necessary 

t o  more p rec i se ly  relate these observat ions t o  t h e  terms i n  t h e  

s k e t c h  of t h e  s e p a r a t i o n  zone g i v e n  i n  t h e  I n t r o d u c t i o n .  These 

photographs  and numerous other examples of t h e  l i qu id - f i lm  a l l  

d i sp l ay  the major features sketched b e l o w .  

spoiler 

( a )  = r e g i o n  a p p r o x i m a t e l y  1 c m  i n  s t reamwise  e x t e n t  

b e l i e v e d  t o  be a n  a r e a  of i n t e r m i t t e n t  backf low 

c o n t a i n i n g  t h e  I D  and ITD b o u n d a r i e s  d e f i n e d  earlier, 

f o l l o w i n g  r e f .  13. P a i n t  i n  t h i s  area a p p a r e n t l y  i s  

swept downstream where it con t r ibu te s  t o  formation of 

(b)  . 
( b )  = h i g h l y  r e p e a t a b l e ,  n a r r o w ,  heavy band  o f  p a i n t  
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b e l i e v e d  t o  i n d i c a t e  n e a r  5 0 %  instantaneous backflow, 

i.e., t h e  TD s t a t i o n  o f  r e f .  13.  I ts  prominence  i n  t h e  

photos is  p a r t l y  due t o  i t s  l i g h t - r e f l e c t i n g  property. 

D e t a c h m e n t  a p p e a r s  t o  o c c u r  e s s e n t i a l l y  a t  t h e  

downstream edge of  t h i s  band, making t h e  TD and D 

s t a t i o n s  very close toge ther  i n  t h i s  case. 

( c )  = a n  a r e a  s e v e r a l  c m  i n  s t r e a m w i s e  e x t e n t  w h e r e  

r e l a t i v e l y  low and random s u r f  ace s h e a r  i s  e v i d e n t .  

When t h e  p a i n t  i n  t h i s  r e g i o n  was n o t  over f lowed by 

p a i n t  from other regions, it remained smooth and uni- 

form w h i l e  it dried. 

( d )  = highly repeatable ,  roughly l - c m  region a t  t h e  f o o t  of 

t h e  s p o i l e r  where t h e  s u r f a c e  i s  c l e a n s e d  of p a i n t  by 

ene rge t i c  v o r t i c a l  flow. The p a i n t  is  swept upstream 

t o  t h e  rear boundary of  region ( c ) .  

h’ot-wire and small  impac t -p res su re  p robes  were used  t o  

survey the regions (a-d), b u t t h e  l a r g e  magnitudes of f l u c t u a t i n g  

v e l o c i t i e s  and in te rmi t tency  of ve loc i ty  d i r e c t i o n s  make probes 

of  t h e s e  types i n e f f e c t i v e  f o r  determining d e t a i l s  of f low near 

t h e  s u r f a c e  i n  s e p a r a t i o n  r eg ions .  ( U s e  o f  a s p e c i a l  laser- 

Doppler  anemometer fo r  t h i s  t y p e  of measurement  i s  r e p o r t e d  i n  

ref. 26.) The t y p i c a l ,  o r d e r l y  v e l o c i t y  p r o f i l e s  w i t h  r e v e r s e d  

f l o w  n e a r  t h e  s o l i d  s u r f a c e  t h a t  are  o f t e n  s k e t c h e d  when 

s e p a r a t i o n  i s  d i s c u s s e d  q u a l i t a t i v e l y  do not  adequately por t ray  

t h e  i n t e r m i t t e n c y  and t r a n s i t o r y  p a t t e r n s  of r e a l  s e p a r a t i o n .  

Further  i n  regard t o  in t e rp re t a t ion  of t h e  mean detachment 
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s t a t i o n ,  t y p i c a l  s u r f a c e  s ta t ic  p re s su re  d i s t r i b u t i o n s  across t h e  

s e p a r a t i o n  zone a re  shown i n  F i g s .  2 0  a-b. The "de tachment"  

label  i n  t h e s e  f i g u r e s  i s  p l aced  where t h e  p a i n t  band (b) w a s  

located.  It  w i l l  be noted t h a t  t h e  p re s su re  c o e f f i c i e n t  d i d  not  

r e a c h  a c o n s t a n t  v a l u e  a t  t h e  d e s i g n a t e d  de tachmen t ,  b u t  i t  d i d  

become c o n s t a n t  a s h o r t  d i s t a n c e  downstream. T h i s  f e a t u r e  i s  

common t o  many s imilar  examples of pressure d i s t r i b u t i o n s  wi th  

s e p a r a t i o n  p r e s e n t .  Thus, i t  seems j u s t i f i e d  t o  c o n c l u d e  t h a t  

t h e  d a r k  p a i n t  band ( b )  i n  t h e  pho tographs  marks  t h e  u p s t r e a m  

boundary of detached f l o w .  

The Inf luence  -- of TA - and Lp - 
Table 3 and Figs. 2 1  - 2 2  presen t  detachment s t a t i o n ,  xd# a t  

corresponding T&, and Ixm, as determined i n  t h i s  i n v e s t i g a t i o n  of  

subsonic,  t u r b u l e n t  boundary l a y e r s  i n  t y p i c a l  adverse pressure  

g r a d i e n t s  on t h e  s u c t i o n  s i d e  of  a two-dimens iona l  a i r f o i l .  

Ang les  of a t t a c k  and  f r e e - s t r e a m  ve loc i t i e s  are  i n d i c a t e d  w i t h  

t h e  d a t a  i n  Table 3 .  F i g u r e s  2 1  and 2 2  c o r r e s p o n d  t o  a = 5 deg  

and  50.5 m / s .  T a b l e s  4 and 5 p r e s e n t  d a t a  s e l e c t e d  so t h a t  

e i t h e r  TA or Ixm/6 was near ly  cons t an t  wh i l e  t h e  o t h e r  parameter 

v a r i e d .  T h i s  f o r m a t  m a k e s  it easier t o  see how o r  i f  each  

t u r b u l e n c e  parameter independent ly  inf luenced detachment point .  

The a i r f o i l  was a t  CY = 5 deg. and 50.5 m / s  c o n d i t i o n s  when t h e  

data of Tables 4 and 5 w e r e  recorded. 

The range of T& adequately r ep resen t s  wind tunnel  f lows  and 

t h e  higher  tu rbulence  of some o the r  t ypes  of i n t e r n a l  f lows. A s  
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planned, the  free-s t ream i n t e g r a l  scales are approximately equal  

t o  t h e  boundary l a y e r  t h i c k n e s s e s  ups t r eam o f  t h e  s e p a r a t i o n  

zone. I t  w i l l  b e  r e c a l l e d  t h a t  several  p r e v i o u s  i n v e s t i g a t o r s  

have concluded t h a t  t h i s  should lead t o  t h e  maximum inf luence  on 

s u r f a c e  s h e a r  stress. As Table 3 shows,  t h e  boundary l a y e r  

t h i c k n e s s  g r e w  r a t h e r  r a p i d l y  b e t w e e n  t h e  m i d - c h o r d  a n d  

detachment s t a t i o n s .  Thus, I,, gene ra l ly  f e l l  between t h e  va lues  

of  6.995 a t  x = 22.1 c m  and  x = 29.7 c m  i n  these expe r imen t s .  

The r a t i o  a t  x = 

29.7 c m ,  which  i s  approx ima te ly  t h e  de t achmen t  s t a t i o n  i n  a l l  

cases. I f  6.995 a t  x = 22.1 cm w e r e  u sed ,  a l l  r a t i o s  would be 

approximately doubled because t h e  boundary l a y e r  th ickness  grew 

r a p i d l y  toward detachment. 

g i v e n  i n  t h e  t ab les  i s  b a s e d  upon 

The e v i d e n c e  i n  t h e  t a b l e s  and f i g u r e s  seems decis ive;  i n  

t h e  r ange  of T& and I,, i n v e s t i g a t e d ,  n e i t h e r  p a r a m e t e r  had a 

s i g n i f i c a n t  e f f e c t  on Xd. All measurements w e r e  repea tab le  t o  a 

very  s a t i s f a c t o r y  degree,  and no  anomalies w e r e  observed. When 

c o n f r o n t e d  w i t h  t h i s  r e s u l t ,  t h e  d e c i s i o n  w a s  made t o  "back- 

track" and b r i e f l y  check t h e  inf luence of f ree-stream turbulence  

on s k i n  f r i c t i o n .  

Measurements of Cf - 
Ear l ie r  i n v e s t i g a t o r s  (e.g., refs. 2 and  1 8 )  have  reported 

o n  t h i s ,  and it w a s  s e e n  a s  a way t o  d e t e r m i n e  i f  t h e  p r e s e n t  

e x p e r i m e n t s  w e r e  c o n s i s t e n t  w i t h  t h e  r e l a t e d  p r e v i o u s  

inves t iga t ions .  F a i l u r e  i n  t h i s  test would p o i n t  t o  some d e f e c t  

2 9  



i n  t h e  present  experiments. Therefore, a Preston tube was used 

t o  determine Cf a t  mid chord f o r  severa l  values  of T’, . R e s u l t s  

are presented i n  Fig. 23. 

I n s p e c t i o n  o f  f i g u r e s  p r e s e n t e d  i n  r e f s .  6 and 7 r e v e a l s  

t h a t  t h e  d a t a  on  C f / C f o  = f ( T 2  ) t y p i c a l l y  sca t te r  a c r o s s  t h e  

band drawn i n  Fig.  23. I t  has  a l r e a d y  been remarked  i n  t h e  

p r e v i o u s  s e c t i o n  t h a t  t h e r e  i s  ag reemen t  among r e f s .  3 - 7 t h a t  

e i t h e r  i n t e g r a l  length s c a l e  or  d i s s i p a t i o n  length parameter a l s o  

i s  a f a c t o r  t h a t  should  be  i n c o r p o r a t e d  i n t o  t h e  c o r r e l a t i o n  of 

Cf/Cfo w i t h  free-stream turbulence. However, t h e  b e s t  form f o r  

t h i s  c o r r e l a t i o n  pa rame te r  seems t o  be  u n c e r t a i n ,  and i n  any 

e v e n t ,  i t  a p p a r e n t l y  w i l l  b e  a w e a k e r  f a c t o r  t h a n  T&, . 
T h e r e f o r e ,  Fig.  23 i m p l i e s  t h a t  t h e  p r e s e n t  e x p e r i m e n t s  are 

c o n s i s t e n t  w i t h  e a r l i e r  r e s u l t s ,  and no suspic ious  discrepancy i s  

evident .  

Comparisons With Predic t ion  Methods 

The f i n a l  s t e p  i n  confirming t h e  detachment r e s u l t s  was t h e  

compar ison  o f  t h e  measured Xd w i t h  p r e d i c t i o n s  by S t r a t f o r d ’ s  

(ref. 2 7 )  method. That r e s u l t  i s  s e e n  i n  Tab le  6. When making 

t h e  c a l c u l a t i o n s  of Xd, t h e e x p e r i m e n t a l c  d i s t r i b u t i o n s  were 

used. 
P 

The designat ions S t r a t .  1 and Strat. 2 r e f e r ,  respec t ive ly ,  

t o  t h e  vers ion of Stratford’s  method o r i g i n a l l y  presented i n  re f .  

27 and t h e  modified method proposed by C e b e c i ,  e t  a l .  i n  re f .  28. 

The modified vers ion  incorporates  a smal l  change i n  the cri t ical  

30 



v a l u e  o f  S t r a t f o r d ' s  s e p a r a t i o n  c r i t e r i o n .  I n  b o t h  cases, t h e  

i n i t i a l  l e n g t h  of  l a m i n a r  f l o w  and  f a v o r a b l e  p r e s s u r e  g r a d i e n t  

t h a t  e x i s t e d  on t h e  a i r f o i l  i n  these e x p e r i m e n t s  i s  t a k e n  i n t o  

account. When t h e  modif icat ion recommended by C e b e c i ,  e t  al. is 

made, Table 6 shows excellent ag reemen t  be tween S t r a t .  2 and 

experiment. 

Inasmuch as t h e  su r face  shear stress or Cf appears d i r e c t l y  

i n  Townsend's  me thod  for p r e d i c t i n g  Xd ( r e f .  81,  a br ie f  

e x a m i n a t i o n  of t h e  e f f e c t  of i n c r e a s e d  Cf caused  by  e l e v a t e d  

free-stream t u r b u l e n c e  was ca r r i ed  o u t .  T h i s  was based on  t h e  

f a i r e d  c u r v e  f o r  t h e  " p r e s e n t  data"  i n  Fig.  23. Tha t  c u r v e  l i e s  

close t o  t h e  S imonich  and  Bradshaw c u r v e  w i t h i n  t h e  r a n g e  of T.& 

i n  F ig .  23. 

The c a l c u l a t i o n s  by Townsend's method g e n e r a l l y  ag reed  

c l o s e l y  w i t h  t h e  r e s u l t s  o b t a i n e d  by S t r a t f o r d ' s  method, a s  

d e m o n s t r a t e d  i n  T a b l e  7 .  However ,  i n  a number  of cases 

Townsend's  p r o c e d u r e  f a i l e d  t o  p r e d i c t  d e t a c h m e n t ,  a n d  

S t r a t f o r d ' s  method gave  b e t t e r  r e s u l t s .  U s e  o f  t h e  m o d i f i e d  

Townsend method proposed  by Hahn, e t  a l .  (ref. 2 9 )  w a s  even  less  

successfu l  i n  those  cases. When either Cfo or Cf corresponding 

t o  e l e v a t e d  t u r b u l e n c e  ( f rom F i g .  23 )  were u s e d  i n  t h e  Townsend 

procedure f o r  p red ic t ing  Xd, t h e  d i f f e r e n c e  w a s  i n s i g n i f i c a n t .  

Once a g a i n ,  i t  s h o u l d  be remarked  t h a t  t h e  e x p e r i m e n t a l  

p re s su re  d i s t r i b u t i o n s  w e r e  used f o r  a l l  of t h e  Xd ca lcu la t ions .  

The Townsend method a c t u a l l y  forecasts t h e  Cp a t  de tachment .  

When de tachmen t  o c c u r s  a t  a Cp lower t h a n  p r e d i c t e d ,  t h e  
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pred ic t ed  va lue  i s  n o t  a t t a ined  and t h e r e  is  simply no so lu t ion .  

I n t e r a c t i o n  of Free-Stream and Boundary Layer Turbulence - - 
I n  cons idera t ion  of the b a s i c  data, t h e  o v e r a l l  consis tency 

of a l l  r e s u l t s ,  and t h e  genera l ly  very g o d  agreement found where 

t h e r e  w e r e  check p o i n t s  p rov ided  by r e l a t e d  r e s u l t s  f r o m  o t h e r  

i n v e s t i g a t o r s ,  t h e  earlier s t a t e m e n t  t h a t  there is  min ima l  

i n f luence  of moderate l e v e l s  of f ree-s t ream turbulence  on Xd i s  

now more s t r o n g l y  advanced. Of t h e  p a i r  o f  cha rac t e r i s t i c s ,T , ’ .  

and IXa, n e i t h e r  t h e  u s u a l l y  s t r o n g e r  p a r a m e t e r  TL nor  t h e  

weaker I,, w e r e  found t o  have a measurable l inkage w i t h  Xd a t  t h e  

levels inves t iga ted .  The fundamental f a c t o r  would s e e m  t o  be t h e  

weak pene t r a t ion  of free-stream turbulence  i n t o  t h e  inne r  p a r t  of 

t h e  t u r b u l e n t  boundary l aye r .  I n  p u r s u i t  o f  t h i s  s u b j e c t ,  

p r o f i l e s  o f  U/Ue,  T’ , and  I, w e r e  measured a t  t h e  s t a t i o n s  

x = 22.1 c m  and x = 29.7 c m  f o r  d i f f e r e n t  l e v e l s  of  T& . The 

former s t a t i o n  i s  w e l l  upstream of  t h e  sepa ra t ion  zone, wh i l e  t h e  

l a t t e r  s t a t i o n  i s  i n  t h e  ups t ream or  e a r l y  p a r t  o f  t h a t  zone. 

The r e s u l t s  f o r  x = 22.1  cm are shown i n  Figs .  24 - 26. 

I t  w i l l  f i r s t  b e  n o t e d  t h a t  change  of T& f rom 0.16% t o  

3.16% had no e f f e c t  on  t h i c k n e s s  o f  t h e  boundary l a y e r .  The 

effect  of t h a t  i n c r e a s e  i n  T& i s  a p p a r e n t  i n  Fig.  2 5 ,  and  t h e  

i n c r e a s e  o f  I,, a l so  a f f e c t s  t h e  p r o f i l e s  i n  Fig.  26. Next, t h e  

p r o f i l e s  o f  t h e  same q u a n t i t i e s  a t  x = 29.7 c m  are examined t o  

l e a r n  how t h e s e  t u r b u l e n c e  p r o p e r t i e s  change a s  t h e  s e p a r a t i o n  

zone is  entered .  
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F i g u r e s  2 7  - 2 9  d i s p l a y  t h e  p r o f i l e s  o f  U/Ue,  T’ , and I, 

f o u n d  a t  x = 2 9 . 7  c m .  A t  t h i s  s t a t i o n  ( a p p r o x i m a t e l y  a t  

detachment),  t h e  s i t u a t i o n  i s  d i f f e r e n t  i n  some r e s p e c t s  from t h e  

x = 22.1 c m  case j u s t  d i s c u s s e d .  F i r s t  one n o t e s  t h a t  changing  

T& a g a i n  h a s  a n  i n s i g n i f i c a n t  e f f e c t  on  t h e  v e l o c i t y  p r o f i l e .  

However, boundary l a y e r  t h i c k n e s s  h a s  i n c r e a s e d  marked ly  i n  

comparison t o  t h e  data f o r  x = 22.1 cm. 

The response of  the boundary l a y e r  p r o f i l e s  t o  free-s t ream 

t u r b u l e n c e  i n t e n s i t y  and s c a l e  shown i n  Figs .  28 a n d  2 9  i s  

s i m i l a r  t o  t h a t  found f o r  t h o s e  two  p a r a m e t e r s  a t  x = 22.1 c m .  

These  f i g u r e s  a g a i n  show t h a t  t h e  f e e d - i n  of  f r e e - s t r e a m  

turbulence  c h a r a c t e r i s t i c s  weakens as y decreases  and has  reduced 

in f luence  near  t h e  s o l i d  boundary. 

A s i g n i f i c a n t  p o i n t  w e l l  i l l u s t r a t e d  i n  F i g u r e s  25, 28 and 

30 i s  t h a t  T’ n e a r  t h e  s o l i d  s u r f a c e  i n  t h e  s e p a r a t i o n  zone i s  

much greater  t h a n  t h e  f ree-stream t u r b u l e n c e  i n t e n s i t y .  Tha t  

s t r o n g l y  i m p l i e s  t h a t  o n l y  v e r y  h i g h  levels o f  f r e e - s t r e a m  

turbulence  may have any p o s s i b i l i t y  of a f f e c t i n g  separa t ion .  Of 

c o u r s e ,  v e r y  g r e a t  t u r b u l e n c e  w i l l  a l s o  a f f e c t  boundary l a y e r  

growth and thereby a f f e c t  the p re s su re  d i s t r i b u t i o n .  The la t te r  

f a c t o r  i s  dominant  i n  r e g a r d  t o  de tachmen t  and c o u l d  e a s i l y  

overshadow any direct e f f e c t  of changes i n  turbulence i n t e n s i t y  

w i t h i n  t h e  boundary layer .  

F i g u r e s  2 6  and 29 show t h a t  i n t e g r a l  scales w i t h i n  t h e  

boundary l a y e r  had a c h a r a c t e r i s t i c  p r o f i l e  t h a t  contained scales 

l o w e r  than free-s t ream near  t h e  w a l l  and g r e a t e r  t han  f ree-stream 
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i n  the o u t e r  p a r t  of the boundary layer.  There w a s  a c o n s i s t e n t  

i nc rease  of  1, as Ixm increased, b u t  t h e  e f f e c t  w a s  s m a l l  a t  t h e  

y - values  deep wi th in  t h e  boundary layer .  

When examining t h e  p r o f i l e s  of I,, some cons idera t ion  should 

b e  g i v e n  t o  t h e  n a t u r e  o f  t h e  a u t o c o r r e l a t i o n  p r o c e d u r e  and t h e  

degree of uncertainty.  A r e p e a t a b i l i t y  of approximately ? 10% i s  

i n d i c a t e d  by I,, measured on d i f f e r e n t  d a y s  u n d e r  t h e  less 

f a v o r a b l e  s i g n a l  - t o  - n o i s e  c o n d i t i o n s  c o r r e s p o n d i n g  t o  l o w  

f r e e - s t r e a m  t u r b u l e n c e .  For a g i v e n  r u n  o r  p r o f i l e  i n  F i g s .  26 

and 29,  t h e  unce r t a in ty  must be  less because T' i s  much greater, 

making s i g n a l  - t o  - no i se  r a t i o  higher ,  measurements w e r e  t aken  

w i t h i n  a br ie f  t i m e  i n t e r v a l ,  and  o n l y  one  wind t u n n e l  r u n  w a s  

involved. However, conditions near  t h e  o u t e r  edge of t u r b u l e n t  

boundary l a y e r s  a r e  such  as t o  impose  g r e a t e r  s c a t t e r  o f  I, 

values .  

To s a t i s f y  t h e  i n v e s t i g a t o r s '  c u r i o s i t y ,  a l a s t  e f f o r t  w a s  

made t o  a c h i e v e  some e f f e c t  on de tachmen t  t h r o u g h  f r e e - s t r e a m  

turbulence.  A hor izonta l  bar of  0.635 c m  diam w a s  loca ted  9.5 c m  

u p s t r e a m  o f  and p a r a l l e l  t o  t h e  l e a d i n g  edge  a t  a h e i g h t  such  

t h a t  t h e  wake o f  t h e  r o d  impinged on t h e  a i r f o i l  a t  t h e  h i g h e s t  

p o i n t  o r  "crest" o f  t h e  a i r f o i l .  T h i s  d i d  f i n a l l y  c a u s e  

d e t a c h m e n t  t o  move a p p r e c i a b l y  downstream. However, p r i o r  t o  

accept ing  t h i s  as a d i r e c t  r e s u l t  of f ree-s t ream turbulence,  per 

se, t h e  p re s su re  d i s t r i b u t i o n  on t h e  a i r f o i l  w a s  measured. When 

t h e  p r e s s u r e  d i s t r i b u t i o n  was used  w i t h  S t r a t f o r d ' s  method, it 

w a s  found that t h e  e n t i r e  change i n  Xd w a s  p red ic t ed  on t h e  basis 
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of t h e  a l t e r e d  p r e s s u r e  d i s t r i b u t i o n  a lone .  T h e r e f o r e ,  i t  can  

n o t  be concluded  t h a t  t h e  g r o s s  i n c r e a s e  i n  t u r b u l e n c e ,  i n  

i t s e l f ,  had any d i r e c t  e f f ec t  on  Xd. A p p a r e n t l y  t h e  b e n e f i c i a l  

e f f e c t s  of vor tex  gene ra to r s  are a t t r i b u t a b l e  t o  t h e i r  being more 

e f f i c i e n t  i n  r e d i r e c t i o n  of h igher -speed  a i r  i n t o  t h e  i n n e r  

boundary l a y e r  than  the less-ordered turbulence  o f  the t r ansve r se  

r o d .  I n  e i t h e r  case,  t h e  i n d i r e c t  i n f l u e n c e  o n  p r e s s u r e  

d i s t r i b u t i o n  a r i s i n g  from a l t e r e d  boundary l a y e r  p r o f i l e s  should 

n o t  be overlooked. 

P r a n d t l ' s  mix ing  l e n g t h  c o n c e p t  and' t h e  r e l a t i o n s h i p  o f  

mix ing  l e n g t h  t o  v i s c o u s  s h e a r  stress are w e l l  known. (See, 

e.g., r e f .  30) .  For 2-d imens iona l ,  p a r a l l e l  f l o w ,  t h i s  r e l a t i o n  

may be expressed as 

'I = pR2 IdU/dyl (dU/dy) 

where T = shear  stress 

and R = mixing length  

von Karman's equat ion f o r  mixing length  i s  ( c f  . ref. 3 0 )  

R = K I (dU/dy)/d2U/dy2 I (11) 

It has been found experimental ly  t h a t  H n 0.4. Hence, for  t y p i c a l  

t u r b u l e n t  b o u n d a r y  l a y e r s ,  m i x i n g  l e n g t h  i s  e s s e n t i a l l y  

propor t iona l  t o  y wi th in  the inner  p a r t  of t h e  boundary layer .  

Prandt l  l i k e n s  R t o  t h e  mean free pa th  of  k i n e t i c  theory of 

gases. I n  t h e  development of a n  equat ion for  t h e  mean f r e e  path 

for  p e r f e c t l y  elastic, spher ica l  molecules of  r a r e f i e d  gases, it 

i s  found t h a t  ( r e f .  31)  
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where X = mean f r e e  pa th  

N = number of molecules pe r  u n i t  volume 

u = e f f e c t i v e  cross sec t iona l  area of molecules 

N o w  s t r e t c h i n g  t h i s  o b v i o u s l y  s i m p l i f i e d  model t o  

accommodate mix ing  l e n g t h  and mean f r e e  p a t h  c o n c e p t s ,  one may 

v i s u a l i z e  " t u r b u l e n t  lumps" of a d i a m e t e r  p r o p o r t i o n a l  t o  

i n t e g r a l  scale i n t e r a c t i n g  a c c o r d i n g  t o  t h e  mixing  l e n g t h  and  

mean f r e e  p a t h  concep t s .  Then, N c o u l d  be  r e g a r d e d  a s  t h e  

counterpar t  of l/Ix3 and o as t h e  counterpar t  o f  IX2. I f  mixing 

length  i s  analogous t o  mean free path,  it follows from Eqs. (10- 

1 2 )  t h a t  R and I, should have s imilar  d i s t r i b u t i o n s  wi th  y i n  t h e  

inne r  p a r t  of t h e  boundary layer. The d i s t r i b u t i o n s  of I,(y) i n  

Figs.  26 and  2 9  seem t o  suppor t  t h i s  argument .  I t  h a s  t o  b e  

remembered t h a t  local mean v e l o c i t y  U(y)  i s  used  w i t h  t h e  

i n t e g r a t e d  c o r r e l a t i o n  coe f f i c i en t  (Eq. 4 )  t o  ob ta in  I,, so it i s  

n o t  s u r p r i s i n g  t h a t  I, t e n d s  t o  z e r o  as  t h e  s o l i d  s u r f a c e  i s  

approached.  O b t a i n i n g  I, i n  t h i s  way p r o b a b l y  leads t o  some 

inaccuracy very  near  t o  t h e  wall where T'(y) is r e l a t i v e l y  large. 

I n  this connection, values of  I, a t  o r  j u s t  beyond t h e  o u t e r  

edge o f  t h e  boundary l a y e r  d o  n o t  n e c e s s a r i l y  e q u a l  t h e  f r e e -  

stream values  because t h e  local  mean v e l o c i t y  may be g r e a t e r  o r  

less t h a n  t h e  f r e e - s t r e a m  value.  I n  F ig .  26, Ue = 1.13 U,, and 

i n  F ig .  2 9 ,  Ue = 0.96 U,. Thus ,  t h e  i n t e g r a l  scales are  s e e n  t o  

b e  a p p r o x i m a t e l y  I, - - I,, (U,/U,) w h e n  y 1 6 .  
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CONCLUSIONS 

It has  been learned t h a t  n e i t h e r  a 20-fold inc rease  i n  free- 

stream r e l a t i v e  t u r b u l e n c e  i n t e n s i t y  n o r  a v a r i a t i o n  o f  free- 

stream i n t e g r a l  scales produced a s i g n i f i c a n t  change i n  boundary 

l a y e r  detachment loca t ion  on the  subsonic a i r f o i l  studied. The 

i n t e g r a l  scales  were on  t h e  order of  boundary l a y e r  t o t a l  

th ickness ,  and data w e r e  obtained i n  which turbulence i n t e n s i t y  

and i n t e g r a l  scale were v a r i e d  i n d e p e n d e n t l y .  A t u r b u l e n t  

boundary l a y e r  w a s  ma in ta ined  ups t r eam o f  t h e  s e p a r a t i o n  zone. 

A l l  i n t e r m e d i a t e  e x p e r i m e n t a l  d a t a ,  such  as  t h e  i n f l u e n c e  of 

turbulence  i n t e n s i t y  upon skin f r i c t i o n  c o e f f i c i e n t ,  ag ree  i n  a l l  

e s s e n t i a l s  wi th  r e s u l t s  published by o the r s .  

The pene t r a t ion  of free-stream turbulence  i n t o  t h e  tu rbu len t  

boundary l aye r  w a s  a lso inves t iga ted  i n  an e f f o r t  t o  shed l i g h t  

on t h e  lack  of in f luence  of  free-stream turbulence  p rope r t i e s  on 

boundary l aye r  detachment. Resul ts  presented he re in  c l e a r l y  show 

how ve loc i ty ,  turbulence i n t e n s i t y ,  and i n t e g r a l  scale p r o f i l e s  

were a f f e c t e d  when t h e  la t ter  two parameters  w e r e  var ied  i n  t h e  

free stream. I n  t h i s  experiment, the v e l o c i t y  p r o f i l e s  are n o t  

a f f e c t e d ,  b u t  t h e  i n t e n s i t y  and  scale p r o f i l e s  c l e a r l y  show 

i n t e r a c t i o n  w i t h  t h e  f r e e  stream. D e s p i t e  t h e  c o n s i s t e n t  and  

p l a u s i b l e  e v i d e n c e  o f  t h e  expec ted  p e n e t r a t i o n  o f  t u r b u l e n c e ,  

under t h e  condi t ions  of t h i s  research,  t h i s  i n t e r a c t i o n  d i d  n o t  

change Xd t o  any major degree. Such a change i n  X d  only occurred 
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when a g ross  inc rease  i n  free-stream turbulence  w a s  brought about 

by p lac ing  a b lu f f  obs t ac l e  immediately upstream o f  t h e  a i r f o i l ,  

and it appears  t h a t  t h e  e f f e c t  on Xd a c t u a l l y  should be c r e d i t e d  

t o  t h e  a l t e r e d  p r e s s u r e  d i s t r i b u t i o n  t h a t  accompanied t h e  much 

thickened boundary l aye r .  

I t  i s  shown t h a t  t h e  i n f l u e n c e  o f  f r e e - s t r e a m  t u r b u l e n c e  

diminished as the a i r f o i l  sur face  w a s  approached. This lessened 

effect near  t h e  sur face ,  p lus  t h e  weak inf luence  of  cf on Xd and 

t h e  dominance of p r e s s u r e  g r a d i e n t  seems t o  a c c o u n t  for t h e  

i n s e n s i t i v i t y  of  Xd t o  t h e  free-stream turbulence characteristics 

a s  l o n g  a s  t h e  b o u n d a r y  l a y e r  c h a r a c t e r  a n d  t h i c k n e s s  

d i s t r i b u t i o n  i s  unchanged. 

when S t r a t f o r d ’ s  procedure  f o r  p r e d i c t i n g  Xd w a s  used  i n  

c o n j u n c t i o n  w i t h  t h e  measured p r e s s u r e  d i s t r i b u t i o n s  and  t h e  

computational modi f ica t ion  presented by Cebeci, e t  al., very  good 

agreement w i t h  measured xd resul ted.  
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APPENDIX I 

DATA COLLECTION AND REDUCTION PROGRAMS 

The following programs were written and used to col- 

lect turbulent velocity data and to calculate the turbulence 

intensity, integral scale, and dissipation length parameter 

from the raw data. 

listing is included. 

its operation. 

The purpose of each program and its 

The comments in each program describe 



A. GETSLOWDATA 

This BASIC program for the APPLE XIe computer is used 

as indicated in Appendix I1 to collect the basic velocity 

data needed to calculate the turbulence intensity and in- 

tegral scale. 

is the actual data collection routine. 

The assembly language subroutine FASTER.OBJ 



10 HOME : CLEAR : HIMEM: 38144 
20 D I M  A%( 15200) ,8%(500) 
30 W. = 15000:W. = 384:MIME = 5 J : C T I M E  = 1O:MICRO = l E O 6  
40 DM = 6OOO:BFS = 5000:BIGA = 4096:Gl = 0 
50 VTAB 5: HTAB 5: P R I N T  'LOADING MACHINE L A N G C W X  SUBROUTINE " 
60 D% = CHRS ( 4 ) :  P R I N T  D%;'BLOAD MONDELAY.0BJ.A%9500D 
70 

80 

90 

100 

110 
120 
130 
140 
150 

160 
170 

180 
190 
195 
20 0 
21 0 
220 
230 
240 
250 
260 
270 
280 
290 
30 0 
31 0 

320 
330 
340 
350 
355 
360 
370 
380 
390 
40 0 
41 0 
420 
430 
440 
450 
470 
480 

490 

HOME I W A B  5: HTAB 10: PRINT ' C W E L  tJUIBER'; :  HTAB 30: P R I N T  ' I N P U T  

HTAB 16: P R I N T  '0';: HTAB 31: P R I N T  'FZMS': HTAB 15: P R I N T  -15.:: HTAB 

' 

31: P R I N T  'MKS': W A B  11: HTAB 20: P R I N T  'RANGE';: HTAB 30: P R I N T  'CO 
DE' 

HTAB 18: P R I N T  '0 - 5 V.;: HTAB 32: P R I N T  " 0 ' :  KTAB 18: P R I N T  '0  - 1 U 
';: HTAB 32: P R I N T  .le: HTAB 17: P R I N T  '0 - . 5  V,;: HTAb 32: P R I N T  '2 
': HTAB 17: P R I N T  '0 - .1 V.;: HTAB 32: P R I N T  -3.: HTAB 5: P R I N T  'ADD 
4 TO G A I N  CODE FOR B IPOLAR RANGE' 

P R I N T  P R I N T  INPUT ' INPUT G A I N  FOR C M E L  00 ';GO:COG% = 0 + 16  * 
GO:ClG% = 15 + 16 G I  
POKE 6,COGA: POKE 7,ClGl: 
HOME : P R I N T  CHR% ( 7 ) :  VTAB 15 

I N P U T  'NLMBER OF W P L E S 7  ' ;W.: IF NA% < = R% GOTO 160 
P R I N T  ' M I M u l  M P L E S  EXCEEDED': P R I N T  W.;. SAMPLES TAKEN ' :W. = R% 

INPUT 'SAMPLE  TIME^ (SEC) .;TIME 

DR = T I M E  / W. * MICRO:  I F  DR < M T I M E  GOTO 180 
CM = (DR - M I M E )  / CT1ME:AW. = I N T  (DA / 2 5 6 ) : A L Z  = DA - 6I-U 256: GOTO 

AW. = 0 : A U .  = 0 
SPACE = (CAW. 256 + A L A )  C T I M E  + M T I M E )  / l O [ i O : D R  = SPACE 1000  

190 

P R I N T  : P R I N T  : P R I N T  'TIME BETWEEN SAMPLES = ';SPACE:' msec" 

POKE 64,AW.: POKE 65,AU.: POKE 66,BKA: POKE 67,BLX 

P R I M  : P R I N T  : INPUT 'READY T O  SAMPLE 7 ' ;Gob 
POKE 8 , l  
CALL  38144 

FOR I = 1 T O  tC:BSU*I = BSUI  + VAGI): NEXT 

DB (DM - M I M E )  / CT1ME:BW. = I N T  (DB / 256):B~'C = DB - BH% 256 

W.(O) = / 128 + I :B%(O)  = 3 

BSUI  = 0 

BGUG = B S U l  / E. 
BVOLT = BAVG * BFS / BIG% 

P R I N T  : P R I N T  'MKS VOLTAGE = ' ;BUOLT; '  mU':BVOLT = BVOLT / 1 0 0 0  
P R I M  : P R I N T  : P R I N T  : INPUT 'SAVE DATA7 (ENTER 1 FOR YES, 0 FOR NO) 

I F  GO% < 1 GOTO 480 
HOME : VTAB 22: INPUT 'ENTER DATA F I L E  W E  ';F% 
INPUT ' D I S K  D R I V E  NLMBER 7 .:A% 
P R I N T  : P R I N T  : INPUT 'DC VOLTAGE = 3 (mV) ';UDC 
CALL  38288 

P R I N T  : HTAB 10: P R I N T  'SAVING ';F% 
P R I N T  D%;'OPEN ';NI 
P R I N T  DS; 'WRITE ';F% 
P R I N T  W. 
P R I N T  GO 
P R I N T  DR 
P R I N T  BVOLT 
P R I N T  UDC 
FOR I = 1 T O  W.: P R I N T  W.(I) :  NEXT 
P R I N T  M ; ' C L O S E  ';F% 
HOME : W A B  15: I N P U T  'CINOTHER R L "  (1--YES;O--NO) .;SE.: I F  SEA > = 
1 GOTO 120 
P R I N T  'END OF SAMPLING PROGRAM': END 

' ;GO% 

CDS = .,D':N* 5: F% + C M  + A% 



9500-  
950 1 - 
9503-  
950s-  
9507-  
9509- 
9504- 
950C- 
950E- 
9510-  
9 5 1  2- 
9514-  
951 6- 
9518- 
9516-  
9 5 1  C- 
9 5 1  E- 
9520-  
9522-  
9524-  
9527- 
9528- 
95%- 
952C- 
952E- 
9530-  
9532- 
9534-  
9536-  
9538- 
95%- 
953c- 
953F- 
9540-  
9542-  
9544-  
9546- 
9548- 
9549-  
9548-  
9541)- 
954F- 
9551 - 
9553- 
9555- 
9557- 
95%- 
955c- 
955E- 
9560-  
9562- 
9564-  
9566-  
9568-  
95&- 
956C-  
956E - 
9570-  
9572-  
957s- 

1 8  
A0 02  
B l  68 
65 68 
85 36 
CB 
81 68 
65 6 C  
8 S  38 
A5 6B 
85 44 
A5 6 C  
85 48 
A5 40 
85 1 8  
A5 41 
85 1 9  
A5 06 
85 0 9  
20 40 95 
1 8  
A5 
85 4cI 
A5 38 
85 48 
c15 42 
85 18 
A5 44 
85 19 
A5 0 7  
85 0 9  
20 40 95 
60 
A0 08 
B1 44 
85 os 
A 9  09 
18 
65 4A 
85 SA 
A 9  00 
65 48 
85 58 
A0 00 
A6 09  
BE DO CO 
A5 18 
85 l B  
AS 1 9  
85 1A 
A5 1A 
F O  0 4  
C6 1 6  
DO F 8  
A5 18 
FO 0 7  
C6 1 8  
C 6  16 
4C 62 95 
AD D l  CO 

CLC 
LDY 

ADC 
STA 
INY 
LDA 
ADC 
STA 
LDA 
STA 
LDA 
STA 
LD4 
STA 
LDA 
STA 
LDn 
S T A  
JSR 
CLC 
LDA 
STA 
LDA 
STA 
LDA 
STA 
LDA 
STA 

STA 
JSR 
RTS 
LDY 
L M  
STA 
LDA 
CLC 
ADC 
!3TG 

ADC 
STpl 
LDY 
LDX 
STX 
LDA 

L m  

L m  

L m  

ma 
Lm 
STA 
LDA 
BE0 
DE C 
mE 
LDA 
BE0 
DEC 
DEC 
hRiP 
Lm 

mo 2 
(868) .Y 
868 
83A 

(868) ,Y 
8 6 C  
838 
868 
84A 
86C 
8 4 8  
840 
8 1 8  
8 4  1 
8 1 9  
806 
8 0 9  
89540 

8% 
84A 
838 
848 
8 4 2  
818 
844 
8 1 9  
8 0 7  
8 0 9  
SY540 

no 8 
OW) ,Y 
8 0  5 
-0 9 

844 
8% 
moo 
848 
858 
moo 
8 0 9  
8CODO 
818 
81 B 
* I  9 
81A 
81A 
8 9 5 W  
81A 
8 9 5 6 2  
8 1  8 
89575 
81 B 
81A 
8 9 5 6 2  
8COD1 

9578- 
9 5 7 A -  
957c- 
9 5 7 D -  
9580 - 
9583-  
9585- 
9586- 
9588- 
95m- 
9SBC- 
958E- 
958F- 
9590-  
9592-  
9594-  
9596-  
9598- 
9599-  
9598- 
9590- 
959F- 

9-3- 
m 4 -  
-6- 
9-98- 
9%9- 
-8- 
9-D- 
9-F- 
9581- 
9583- 
9584-  
9586- 
9588- 
95w- 
9588- 
95BD- 
9SBF- 
9 x 1  - 
9 x 3 -  
9 x 5 -  
95c7- 
9 x 9 -  
95C8-  
95CD- 
95CE- 
95DO - 
9502- 
9503-  
95D5- 
95D7- 
95D0- 

95DC- 
95DE- 
95EO- 
95E 1 - 
95E3- 
95E5- 
95E6- 
95E8- 
95M- 
95EC- 
95EE- 

mi- 

95m- 

A6 0 9  
91 %b 
C 8  
AD DO CO 
BE DO CO 
91 Y\ 
C8 
DO D2 
E6 58 
C6 OS 
DO CC 
60 
00 
A0 08 
8 1  68 
83 05 
cI9 OB 
18 
65 6B 
85 54 
A9 00 
65 6C 
85 SB 
C8 
B l  6 B  
85 4 5  
C8 
81 68 
85 44 
4 0  00 
B1 - 
85 4 3  
C8 
B l  sn 
85 4 2  
A5 4 2  
38 
E5 44 
85 40 
A5 4 3  
E5 45 
85 41 
A5 4 3  
85 45 
AS 4 2  
85 44 
86 
A5 41 
91 % 
C8 
A5 40 
91 54 
C8 
DO D5 
E6 58 
C6 05 
DO CF 
60 
DO CO 
91 54 
C 8  
DO D2 
E6 58 
C 6  0 5  
DO CC 
60 

LDX 
STA 
I N Y  

STX 

INY 
B(E 
I NC 
M C  

RTS 
BRK 
LDY 

STA 

CLC 
ADC 
S r A  
LDA 
ADC 
STA 
INY 
L W  
STA 
INY 
L W  
STPl 
LDY 
LDA 
STA 
INY 

STA 
LWI 
SEC 
SBC 
STA 
LDA 
SBC 
STA 
LDA 
STA 

ST A 
OEY 
LWI 
STA 
1NY 
LDA 
STA 
I N Y  
B(E 
I N C  
DEC 

RTS 
BNE 
STA 
I N Y  
BcE 
I N C  
DEC 

RTS 

L m  

sia 

mE 

L m  

L w  

L w  

L m  

mE 

mE 

8 0  9 
(8%)  , Y  

8 C D D O  
8CODO 
(8%) ,Y 

895% 
858 
SO 5 
*95% 

M 0 8  
(868)  ,Y  
8 0 5  
-OB 

868 
*% 
n o 0  
86C 
838 

068) ,Y 
8 4 5  

(868)  ,Y  
8 4 4  
MOO 
(8%) ,Y 
8 4 3  

(8%) ,Y 
8 4 2  
S42 

8 4 4  
8 4 0  
8 4 3  
8 4 5  
84  1 
8 4 3  
845 
8 4 2  
844 

8 4  1 
(8%)  ,Y 

840 
(8%)  .Y 

89-F 
S58 
805 
89-F 

8 9 9 3  
( 8 s )  ,Y 

8 9 5 W  
858 
805  
s95m 



B. FIXX.FOR 

FIXX is the FORTRAN program which takes the modified 

data from the APPLE IIe data collection program and restores 

it to the full data set by a successive addition process. 

The output data set is used by the following programs AUTOCO 

and FOURIE. 



C 
C 
C 
c- 
c: 
C 
C 
C 

C 
C 
C 

20 

40 
50 

PROGRAM F I X X  . FOR 
THIS PROORAII R E m s  IN THL ~ O L I I ~  IEII AID UOLTAL;L N U R B E ~ S  
AND RECREATES THE OKIGINAL DATA F I L E  F O R  F'L'UCEbSING El 
E I T H E R  AUTOCO.FOR OH F O U R I t . F O h  

D I f l E N S I O N  NPUT ( 2 0 0 0 0 )  
R E A D ( 1 i f ) N F ' T S  
U R I T E ( 2 2 r S ) N P T S  
R E A I . t ( l r X ) I G A I N  
U R I T E ( 2 2 r t ) I G A I N  
READ ( 1 I * ) DT 
U R I T E (  2 2 1 t ) D T  
R E A D ( 1 p t ) V H K S  
U R I T E ( 2 2 v $ ) U f l h S  
READ ( 1 I t ) UDC 
U H I T E ( 2 2 r X ) U D C  

THE FIRS1 VOLTAGE NUHBER IS UNMOLi IFIED.  

R E A D ( l r 2 0 ) N P U T ( l )  
W R I T E ( 2 2 r 2 0 ) N P U T ( l )  

DO 40 I = 2 r N P T S  
J = 1-1 
R E A D ( 1 , 2 0 r E R R = 5 0 ) I X  
FORMAT(1G)  
N P U T ( 1 )  = 1 X  t NF'UTtJ)  
W R I T E ( 2 2 r 2 0 ) N F ' U T ( I )  
CONTINUE 
STOP 
END 

. 



C . AUTOCO . FOR 
This FORTRAN program is used on the DEC 1099 computer 

to convert the raw velocity data collected on the APPLE IIe 

computer to a more usable form. The output of this program 

is the integral scale and the turbulence intensity. 



ORIGINAL PAGE IS 
OF POOR QUALITY 

C PROGRAM AUTOCO.FOR 
C 
C 
C T H I S  fkOGK'AM TAkES THE Rt--CONSl I T U T E I I  KIA T A  C o t  LE I"TE1l 
C BY Tt iL AF'F'LE COMF'UlEh 10 r s E R F O R f i  7 t i C  A U l U C U K K C L A l  ICIN 
C ANI1 CALCULATE THE INTEGRAL SCALE t 
L 

C 
C 
C 

C 
C 
C 
C 
12 

13 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

I M P L I C I T  DOUBLE P R E C I S I O N  ( A - H I O - 2 )  
D I M E N S I O N  V E L O C ( 2 0 0 0 0 ) 1 R U ( 5 0 0 ) 1 T ( 5 0 P )  

XMCIX I S  THE FULL SCALE RANGE OF 1HE A/D CONVERTER 

XMAX = 4 0 9 6 .  

W R I T E ( 6 , B )  
FORHAT(/SXI'NUMBER OF PASSES 7 ' )  

SET THE MAXIMUM NUMBEK OF T I M E  STEPS TO TAhE.  MUS7 tCF 
L E S S  THAN NPTS/2 

READ ( 5  I * ) NF'ASS 
U R I T E ( 6 r l 2 )  

I N P U T  THE C A L I B R A T I O N  C O E F F I C I E N T S  USEKI TO CONUERl 
FROM VOLTAGE TO UELOCI'TY 

FORMAT( /SXv ' INF 'UT VELOCITY CORRELATION C O E F F " S ' r / 2 X v  ' A  = ' 1  
READ( 5,$ ) A  
W R I T E ( 6 r l 3 )  
F O R M A T ( 2 X v ' B  = 7 ' )  

READ(SI*)B 

R E A D ( 1 r X ) N P T S  
RE AD ( 1 9 % ) I G A I N 

DETERMINE THE F U L L  S C A L L  V O L l A G E  USED ON THE A / U  

I F ( I G A I N . ~ O , O . O F . I G A ~ N . ~ ~ ~ . ~ )  FS = 5 0 0 ~ .  
I F ( I G A I N . E Q . 1  , O K . I G k I N . E O . k i )  F S  = 1000. 

I F ( I G A I N ~ E Q ~ 3 ~ 0 K ~ I G k I N . E a . 7 )  F S  = 106, 
I F ( I G A I N . E l 2 . 2 . 0 t ? . I G A I N . E O . 6 )  F S  = 560. 

I F  A B I P O L A R  RANGE. WAS SL:LC.ClELIr REIIUCE 7HE tiE~SOL.LJ1 I U N  
BY HALF.  T H I S  ALSO SETS THE ZERO A T  H A L I - S C A L t .  

I F ( I G A I N . G T . 3 ) X M A X  = 2040.  

CALCULATE 1 H E  WINE1 'IUNNEL. MEAN V E L O C I T Y  FROM A 
C O N S I D E R A T I O N  OF THE DYNAMIC PWSS(JRE AND THE KEASURELl 
VOLTAGE FROM THE MhS PK'ESSUKE TKANSI IUCtR 4 



1 4  

15 

C 
C 
C 

20 

C 
C 
C 

24 

25 

30 
C 
C 
C 
C 
40 

C 
C 
C 
C 

50 

C 
c 
C 

60 

C 
C 
C 
C 

70 

I F  THE ANEn@METEh DC VOLTAGE I S  L E S S  THAN 3.1 VOLTS 
THEN THE F R O E C  W k S  I N  7HE LOW SF'LELI S E C l l O N .  C O h R L L I  
THE MEAN VELOCITY AS MEASURE[I BY l t i t  MhS ACCORDINGLY. 

I F  ( V D C * L E + 3 1 0 0 . ) U  = U1cO.149 

U R I T E ( 6 r l 4 )  
F O R M A T ( l H l r l O X * 6 0 ( 1 H $ ) )  
U R I T E ( 6 r l S ) U  
F O R H A T ( / 2 4 X * ' M h S  VELOCITY ' rF10 .4 r '  F T / S E C  ' )  

READ I N  THE A/U VOLTAGE NUMBERS AND CONVERT '10 A VOLTAGE 

DO 25 I = 1 r N F ' T S  
R E A D ( l r 2 0 r E H R = 3 0 ) I X  
FORMAT(1G)  
X = F L O A T ( 1 X )  
I F ( I G A I N . L E . 3 ) G O  TO 24  

CORRECT FOR A BIFOLAR RANGE 

x = x - XMAX 
UELOC ( I ) = X*FS/XMAX 
SUM = SUM t VELOC(1)  
CONTINUE 
GO TO 40 
N P T S  = I 

CALCULATE THE AVERAGE VOLIAGE.  I F  N O 1  ZEKOr SUBTRACT 
FROM EACH VOLTAGE, 

UAVG = S U f l / F L O A T ( N P l S )  

sun = 0. 
DO 50 I = 1 r N F T S  
V D I F F  = U E L O C ( 1 )  - VAVG 

AIS11 EACH ZERO--BASED VOLTAGE TO THE MEASURED DC V O L T  AGt- 
A N D  CONVERT TO VELOCITY U S I N G  CORRELATION C O t l F F l C I E N T S .  

VOLT = (VDC t U D I F F ) / l 0 0 0 .  
UELOC ( I ) = A* ( U O l . T t t B )  
SUH = SUM t V E L O C ( 1 )  
UAVG = SUM/FLOAT ( N F ' T  S ) 

CALCULATE THE kHS VOLTAGE TO GET THE I N T E N S I T Y  

sun = 0. 
DO 60 I = 1 v N F T S  
SUM SUM t ( V E L O C ( 1 )  - VA'JG)*S2. 
V E L O C C I )  = V E L O C ( 1 )  - VAVG 
CONTINUE 
UHMS = S Q K T ( S U M / F L O A T ( N P T S ) )  
T I  U R H S / V A V G * 1 0 0 ~  

FERFORH THE AUTOCOKRELATION ON THE F L U C T U A T I N G  
COMPONENTS OF THE VELOCITY.  

DO 90 I = 1,NFASS 
SUM = 0. 
Is0 70 J = l r N P T S - ( I - l )  
SUM = SUM t V E L O C ( J ) * V E L O C ( J t I - l )  
Y T  = F L O A T ( J )  
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C 
C RU IS THE AUTOCORRELATION COEFFICIENT 
C 

RU(I) = (SUH/FT)/(VRflS$VRHS) 
T(1) DTIFLOAT(1-1) 

C 
C END THE PROCEDURE IF RV(1) IS LESS THAN ZERO: 
C 

IF(RU(I).LT.OI)GO TO 95 
URITE (21 ~ 8 0 )  T( I ) PRU( I ) 

80 F O R M A T ( ~ X I F ~ ~ , ~ V S X P F ~ ~ . ~ )  
90 CONTINUE 

GO TO 98 

95 NPASS = I 
RV(NPASS) = 0 ,  
WRITE(21,80)T(NPASS),RU(NPASS) 
URITE(6r96)NPASS 

URITE(6r97)T(NPASS) 
96 FORHAT(/~~XP'NEGATIVE CORRELATION AFTER ' ~ 1 2 ~ '  STEFS') 

97 FORHAT(15Xr'LAST STEP WAS 'pF9.3~' MICROSECONDS') 

C 
C THE INTEGRAL SCALE IS FOUND BY USING SIMPSON'S RULE 
C TO INTEGRATE THE AREA UNDER THE R V  US. T CURUE 
C 
98 H DTXleOE-06 

SINT = 0 .  
110 100 I ~PNF'ASS-1 

100 SINT = SINT t RU(1) 
TSUM = H$SINT t ( H / 2 . ) 1 ( R V ( 1 )  t RV(NF'AS5)) 

W R I T E ( ~ ~ ~ ~ ~ ) U A U G P U R H S  
105 FORHAT(//24X,'AUERAGE VELOCITY = 'rF12.5~' F T / S E C ' P / ~ ~ X  

C v'RHS VELOCITY 'rF12,'J~' FT/SEC') 
UKITE(6rlOE)TI 

108 FORHAT(~~XP'TURBULENCE INTENSITY = 'rF6.3~' 7! ' )  

URITE(6,llO)TSUM 
110 FORMAT(//29X,'INTEG~AL = ' ~ l P E l 2 a 5 ~ '  SEC') 

USUM = UAVGlTSUMlr 12 
WRITE(6rl20)VSUM 

Wf?ITE(6~330) 

STOP 
END 

120 FORMAT(~YXP'INTEGRAL = 'rF12.6~' IN.') 

130 F O K M A T ( / / l O X ~ 6 0 ( 1 H l r ) r / / / / / )  

, 



D. FOURIE.FOR 

This FORTRAN program for use on the DEC 1099 computer 

executes the Fast Fourier Transform of the raw velocity data 

collected by the APPLE IIe computer. The output results are 

used with a plotting program to examine the power spectrum 

of the data. 

performs the Fast Fourier Transform must be linked to the 

program during execution using the command 

The IMSL subroutine FFTRC which actually 

EX FOURIE.FOR, PUB: IMSL.REL/SEARCH 
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C 
C 
C 
C 
C 

C 
C 
C 
C 
10 

C 
C 
C 

C 
c 
C 
C 

C 
C 
c 
C 

C 
C 
C 

20 

26 

25 

30 

T H I S  PROCiKAH PERF-URHLJ 7 HE F AS I F OllK IC t< 1 hAN!d UKH 01 
THE RE-CONSTITUTED D A T A  FROM THE APPLE COHF'U'IEK. AN 
AVERAGING PROCESS I S  USED TO SMOOTH THE RESULTS. 

THE I f l S L  SUBROUTINE FFTRC I S  USE11 TO FERFOI\h THE F A 5 1  
FOURIER TRANSFORM. 

D I M E N S I O N  V E L ~ 1 0 0 0 0 ~ ~ S T O R E ~ 1 0 0 O O ~ r S G h ~ 1 0 O 0 ~ ~ W h ~ l 0 0 ~ ~  
COflPLEX F C ( 5 0 0 1 ) p T E H F  

S f l A L L  = 1.OE-06 
F I  = 3 . 1 4 1 5 9 2 7  
XflAX = 4096. 
W f i I T E ( 6 1 1 0 )  

THE NUHBEF; OF P O I N T S  USED TO F I N D  THE F F 7  MUST BE A 
FOWER OF 2. HERE m i 1  = 2040 WAS usm. 

F O R f l A T ( / / / 5 X v ' N U H b E h  OF P O I N T S T ' )  
READ(SI* )N 

DETERMINE THE FULL SLALE VOLTAGE RANGE USEt l  ON THE 14/11 

I F (  I G A I N + E Q . O .  OR I G A I N .  EQ e 4 )  F S  = 5000. 
I F ( I G A I N . E Q ~ l . O R . I G A 1 N . E Q . S )  FS = 1060. 
I F ( I G A I N . E Q . 2 ~ 0 R . I G A I N . E 0 . 6 )  F S  = 500, 
I F ( I G A I N ~ E R . 3 * 0 R . I G A I N . E a . 7 )  F S  = 100. 

I F  A BIPOLAR RANGE WkS S E L E C l E U I  REDUCE THE f - : : tSOLl l71ON 
BY HALF.  T H I S  ALSO SET THE ZERO AT H A L F - S C A L K ,  

I F  ( IGAIN GT 3 J ) X H A X  = 2 0 4 8  + 

DT I S  THE T I M E  RETWEEN EACH SAMPLE. 7HE HhS V O L l A G L  ANI1 
THE ANEMOHETER TIC VOLTAGE ARE NOT US€Il HEKE. 

REA11 ( 1 I # ) DT 
REAL1 ( 1 I * ) VMhS 
REA11 ( 1 I * ) VDC 

REA11 I N  THE A / D  VOLTAGE NUMBERS AND CONVERT TO A VOLTAGE 

sun = 0. 
DO 25 I = l r N P T S  
HEAD( 1 r 2 0 1 E R R = 3 0 )  I X  
F O R f l A T ( 1 G )  
X = F L O A T ( 1 X )  
I F ( I G A I N . L E . 3 ) G O  TO 26 
X = X - XHAX 
STORE( I ) = XSFWXHAX 
SUfl = SUI4 t S T O R E ( 1 )  
COY- I NUE 
GO TO 40 
N F T S  = I 



C 
C 
C 
C 
40 

50 

C 
C 
C 
C 

C 
C 
C 
60 

C 
C 
C 

70 

80 

C 
C 
C 
C 
C 

90 

CALCULATE THE AUEKAGE VOLTAGE. IF NOT ZEfi'Or SIJBTh'ACl 
FROM EACH VOLTAGE. 

VAUG = SUM/FLOAT (NPTS) 

DO 50 I = 1 r N F T S  
S T O R E ( 1 )  = S T O R E ( 1 )  - VAUG 
CONTINUE 

THE RECORDS USE11 FOR THE F F T  OUERLAF BY 112 THE NUMBER 
OF SAHF'LES I N  THE RECORD. T H I S  G I V E S  A BETTER AVERAGE+ 

NOUER = N/2 
N T I H E S  = 2 t ( N P T S / N )  
NSTART = 0 

DO 60 I 1,2000 

ZERO THE ARRAY OF AUERkGEKt FOURIER C O E F t - I C I E N l S  

S G K ( 1 )  = 0, 

DO 1 4 0  NCOUNT = I P N T I M E S  

MAKE SURE THE RECORD H A S  A ZERO AVERAGE, 

SUM 0. 
DO 70 I = 1 v N  
V E L ( 1 )  = STORE(NSTART tI) 
SUM = SUH t V E L ( 1 )  
VAVG = SUM/FLOAT(N) 

UO 80 I = 1 r N  
U E L ( 1 )  = V E L ( 1 )  - V A U G  

USE A HAMMING WINDOW ON THE F I R S T  AND L A S T  10% OF 'THE 
RECORD TO REDUCE THE AFF'EAKANCE OF S I D E L O B E S  CAUSE11 
BY A F I N I T E  RECORII LENGTH. 

M = N / 1 0  
I F K O N T  = M 
I B A C h  = N-H 

DO 100 I = 1 r N  

J = 1-1 
WAR = COS(PIXFLOAT(J)/FLOAT(M-l)) 

GO TO 100 

J N - I  
VhR = COS(FItFLOAT(J)/FLOAT(M-l)) 

I F ( I * G E . I F R O N T )  GO TO 90 

V E L ( 1 )  = ( U E L ( I ) / 2 . ) t ( l ,  - V A R )  

I F ( I . L E . I B A C h )  GO TO 100 

V E L ( 1 )  = ( V E L ( I ) / 2 + ) $ ( 1 .  - V A R )  
100 CONTINUE 
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C 
C 
C 

C 
C 
C 
C 

110 

120 

130 

1 4 0  

C 
0 
C 
C 

150 

PERFORM THE F h S T  FOURIER TRANSFOh'fi ON T t l t  RLCOK'11 

C A L L  F F T R C ( V E L r N 9 F C r I W K v W h )  

AVERAGE EACH DATA POINT I N  THE RECORD W I T H  THE DATA 
P O I N T S  ON EACH S I D E ,  

DO 110 I = 2 r ( N / 2 )  
TEMP 0 . 2 5 t F C ( I - l )  t O . S t F C ( 1 )  t 0 * 2 5 f F C ( I t l )  
F C ( 1 )  = TEMP/0.875 

NORHALIZE THE COMPLEX FOURIER C O E F F I C I E N T S  BY COMF'UTING 
THE hBSOLUTE VALUE ANI1 D I U I I t I N G  BY THE NUflFER OF S G W L E S  

FHEOUENCY 
I N  THE RECORD. COMPUTE THE AVERAGE FOR EACH R L S U L T I N G  

DO 130 I = l r ( J / N S T E F )  

F S U f l  = 0. 
GSUM 0, 

I G h  = I t 1 

110 120 L = l t N S T E P  
FREQ = FREQ t DF 
NGh = NGh i 1 
Gh = l O . $ A L O G l O ( (  (CkBS(FC(NGh))S*'.)/SflALL)/FLOGT(Jj j 

FSUH = FSUM t FREQ 
GSUH = GSUM t Gh 
CONTINUE 
GAVG = GSUM/FLOAT (NSTEF' i 
S G k c I G h )  = S G h ( 1 G h )  t GAUG 
CONTINUE 
NSTART = NSTART t NOUER 

CONTINUE 

OUTFUT THE AUEHAGEEI FREQUENCIES ANI1 NORHALTZED 
SF'ECTRUfl AT THAT FREQUENCY I N  DB, 

FREQ = 0. 
DO 150 I = l r ( J / N S T E P )  
GAVG = S G h ( I ) / F L O A T ( N T I H E S i  
U R I T E ( ~ ~ ~ $ ) F R E O P G A V G  
FREQ = FREQ t D F * ( F L O A T ( N S T E F ) )  
CONTINUE 

STOP 
END 



. E. REDUCE.FOR 

REDUCE.FOR fo r  the DEC 1099 computer takes the data 

produced by AUTOC0.FOR for one velocity and all grid posi- 

tions and calculates the correlations for the integral scale 

and turbulence intensity. It also calculates the dissipation 

length parameter by using the turbulence decay law proposed 

by Castro. A nonlinear optimization method is used to find 

the virtual origin which gives the best power-function fit 

to the integral scale results. 

I 



10 

C 
C 
C 

20 

30 

40 
50 

60 

PROGRAM REDUCE. FOR 

T H I S  PROGRAM TAhES THE G R I D  F ' O S I T I O N r  INTEGRAL S C A L C i  
AND TURBULENCE I N T E N S I T Y  DATA A T  ONE MEAN U E L O C I l Y  AND 
PERFORMS A CORRELATION FOR THE INTEGRAL SCALE AND 
THE D I S S I P A T I O N  LENGTH F'ARAMETEK. 

I M P L I C I T  DOUBLE P R E C I S I O N  (A-HrOrZ) 
DOUBLE P R E C I S I O N  NAME 
D I M E N S I O N  X G R I D ( 2 0 ) , T S C A L E ( 2 0 ) r X S C A L E ( ~ O ) r T P H I M E ( 2 ~ ) r X M ( ~ O )  
D I H E N S I O N  X(20)rY(20)rXD(20)rYD(20) 
COMMON /X/X/XSCALE/XSCALE/AX/AX/BX/BX/RX/RX/NPTS/NPTS 

T 1 0 4  = 1.OE-04 
V I S C  = 1 5 . 6 9 E - 0 6  
NAHE = 'SMALL '  
HEAD ( 1 r t ) N P T S  
READ 
READ 
READ ( 1 ~ t ) S P E E D  

( 1 r 8) XMESHr B 
( 1 r 8 ) XPHOHE 

I F  (SPEED L T  20 + )NAME = ' LARGE ' 

DO 10 I = l t N P T S  
REAL~(lr*)XGRID(I)rTSCALE(I)rTPRIH~(I) 
CONTINUE 

SORT THE DATA I N  ORDER BY G R I D  P O S I T I O N  

XN = FLOATCNPTS)  

DO 60 I f l r ( N P T S - N D )  
ND = 2 8 * ( A L O G ( X N ) / A L O G ( 2 , ) )  - 1 

IF(XGRID(I),LE.XGRID(I~~D)) GO TO 10 
TX = X G R I D ( 1 t N D )  
T L T  = T S C A L E ( 1 t N D )  
TTURb = T F ' R I f l E ( I + N L I )  
X G R I D ( 1 t N D )  = X G R I D ( 1 )  
TSCALE ( I t N U  ) = TSCCILE ( I ) 
T P R I H E ( 1 t N D )  = T F ' R I H t c I )  

X G R I D ( 1 )  = TX 
T S C A L E ( 1 )  = T L T  
T P R I f l E ( 1 )  = TTURB 
GO TO 60 
DO 4 0  J = ( 1 - N D ) r l r t - N D )  
I F ( T X . G E . X G H I L I ( J ) )  GO TO 50 
X G R I U ( J t N t 1 )  = X G K ' I D ( J )  
TSCALE ( J t N D )  = TSCALE (J)  
T P R I M E (  J t N D )  = T F ' R I H E ( J )  
X G R I D ( J t N D )  = TX 
TSCALE(J tNK1)  = T L T  
T P R I H E C J t N D )  = TTURb 
CONTINUE 
ND = N D / 2  

I F ( I . G T . N D )  GO TO 30 

IF (NDeGT.O)GO TO 20 
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C 
C 
C 
C 

70 

C 
C 
C 
C 

71 

C 
C 
C 
C 
C 

C 
C 
C 
C 

72 

74 

00 

90 

9 4  

CALCULATE THE I N T E G W L  SCALE FROM THE T I M E  SCALE DATA 
CALCULATE THE TURBULEN'I ENERGY DECAY ( U X t 7 ) / ( U ' t f ? )  

DO 70 I = l r N F T S  
X ( 1 )  = X G R I D ( 1 )  - XPKOBE 

X S C A L E C I )  = (TSCALE(I)fTl04~SPEED~~lOOo 
. . X X ( I )  = X ( I ) / X f l E S H  

Y ( 1 )  = ( T F R I H E ( I ) / l O O . ) * f 2 ~  
Y D ( 1 )  = l . / Y ( I )  
CONTINUE 

F I N D  THE D I S S I F A T I O N  V I R T U A L  O R I G I N  BY A L I N E A R  F I T  O F  
THE TURBULENCE DECAY DATA 

C A L L  LFUNC(XrYDrALtBLrRLrNFTS) 

xofr = - A L / B L  
DO 71 I = 1rNF'TS 
X D ( 1 )  5 ( X ( 1 )  - XOD)/XMESH 

DO A POWER FUNCTION FIT i o  THE TURBULENCE DECAY LIA' rA 
U S I N G  THE VIRTUAL. O R I G I N  TO GET THE C O E F F I C I E N T S  USED 
TO CALCULATE THE L ~ I S S I F ' A T I O N  FARAMETEk:. 

C A L L  PFUNC(XDrYr~DrB1lrRDrN~TS) 
C A L L  F F U N C ( X V T P R I M E ~ A T ~ H T ~ R T , N P T S )  

USE A U N I V A R I A T E  L I N E  SEARCH ALGORITHM TO F I N D  THE BES'I 
F I T  TO THE INTEGRAL SCALE DATA U S I N G  A V I R T U A L  O R I G I N  

NUAR 
xo = 
C A L L  
C A L L  
SHAG 
T E S l  

C A L L  

= 1  
0. 
FUNC ( X O  r F X O  r NUAR ) 
GRAI I IE  ( X O  r F X O r  F'AKT r NVAR)  
= S Q R T ( P A R T Y f 2 ~  ) 

= -FART/SMAG 

GOLDEN ( XO v T E S T Y  XORG 9 NUAR ) 

WRITE(6172)Xf iESH,NAME 
F O R f i A T ( l H 1 , 2 0 X , ' D A T A  FOR ' V F ~ . ? V '  cnt G R I D  I N  ' , A 5  

C r' TEST S E C T I O N ' )  
W R I T E ( 6  r 7 4 ) S P E E D  r XPKOHE 
F O R H A T ( / 3 3 X r ' U E L O C I T Y  = ' ~ F 5 . 2 9 '  m/s ' v / ~ ~ X V ' P R O B E  AT X = 'r 

C F 6 . 2 ~ '  c a ' r / / )  
U H I T E ( ~ V ~ O ) ~ X O R G V R X I A X ~ ~ X  
FORMAT(1OXr ' INTEGRAL SCALE V I R T U A L  O R I G I N  AT  X O  = 'rF7.2~' c m ' r  

C /20X,'R = ' r F 9 . 6 , / 2 0 X r ' A  ' r l P E l 2 . 4 r / 2 0 X ~ ' B  = ' r l F E 1 2 . 4 * / / )  
U R I T E  ( 6  I ~ O ) X O D V R K I ,  A119 BD 
F O R H A T ( 1 O X ~ ' D I S S I P A T I O N  V I R T U A L  O R I G I N  AT X o  = ' r F 7 . 2 ~ '  cm'r 

C / 2 0 X ? ' R  = ' r F 9 . 6 ~ / 2 0 X r ' A  = ' r l P E 1 2 . 4 r / 2 0 X r ' B  = ' r l P E 1 7 * 4 r / / )  
U R I T E ( ~ V ~ ~ ) R T ~ A T V B T  
F O R H A T ( ~ O X V ' C O R R E L A T I O N  FOR TURBULENCE I N T E N S I T Y  I S ' r / 7 0 X r  

C 'R  = ' r F 9 . 6 9 / 2 0 X , ' A  = ' r l F E 1 2 * 4 r / 2 0 X r ' B  = ' ~ l P E l 2 * 4 * / / / )  



. U R I T E ( 6 r l O O )  
100 F O R H A ~ ( / / T B ~ ' G R I D ' ~ T ~ ~ ~ ' X ' ~ T ~ ~ ~ ' X - X ~ ~ ' ~ T ~ ~ ~ ' X - X O ~ ' ~ T ~ ~ ~ ' T U ~ ~ ' ~  

C T ~ S ~ ' T I H E ' ~ T S ~ ~ ' I N T ' ~ T ~ ~ ~ ' U Z S S ' ~ T ~ ~ ~ ' L X ' )  
U R I T E ( 6 r l l O )  

110 F O R f l F I T ~ T 6 ~ ~ P O S I T I O N ' ~ T 1 6 t ' - - ' r T 2 2 , ' - - - - - - - ' r T ~ 9 ~ " - - ~ - ~ ' r  
C T 3 5 t ' I N T E N S ' r T 4 4 t ' S C A L E ' 1 T 5 3 r f S C A L f ' r T 6 ~ * ' S C A L E ' r T 7 ~ r ' - - - - '  ) 

U R I T E ( 6 r 1 2 0 )  
120 F O R H A T ( T 8 r ' ( ~ ~ ~ ) ' r T 1 7 r ' H ' r T 2 4 r ' f l ' r T 3 l r ' H ' ~ T 3 7 r ' ( ~ ) ' ~ T 4 ~ t ' ( U S ) ' r  

C T 5 4 t ' t c ~ ) ' , T 6 3 r 0 ( c r n ) ' r T 7 3 t ' L d ' r / T 4 r 7 4 ( 1 H = ) )  

RE = S P E E D l B / ( l O O . S V I S C )  

DO 140 I l r N F T S  
XG = X G R I D ( 1 )  
TP = T P R I H E C I )  

C 
C CALCULATE THE D I S S I P A T I O N  SCALE USING THE V I R T U A L  O R I G I N  
C AND THE POWER-FUNCTION C O E F F I C I E N T S +  
C 

DS = ( A D S * 0 , 5 ) $ X n E S H f ( X D ( I ) S S ( 1 .  t BD/2,))/(-BD) 
XTD = X S C A L E ( I ) / D S  
TH = T S C A L E ( I ) * 1 0 0 ,  
XOER = ( X ( I )  - X O R G ) / ( E L R B )  
YBR = XSCALE(I)/(B) 
URITE(6rl30)XG,XH(I)rXOHrXD(I)rT~rTHrXSCFILE(I)r[~S~XTD 

130 F O R H A T ( T 7 ~ F 6 . 2 ~ T 1 5 ~ F 5 ~ ~ ~ T 2 l ~ F 6 . 2 , T 2 8 r F 6 , 2 ~ T 3 6 ~ F ~ ~ 3 ~ T 4 3 ~ f 7 * 3 t  
C T 5 3 , F 6 . 4 , T 6 2 r F 6 . 4 t T 7 l l F 6 . 4 )  

WRITE(30r*)X(I)rTPRIflE(I) 
U R I T E ( 3 1 , * ) X ( I ) r X S C A L E ( I )  
W R I T E ( 3 2 r * ) X ( I ) r [ t S  
U R I T E ( 9 r * ) X O B R t Y B R  

1 4 0  CONTINUE 

U R I T E ( 6 r 1 5 0 )  
150 FORflAT (1H1) 

STOP 
END 

C 
C GOLDEN I S  THE UNIVFIKIATC L I N E  SEARCH ALGORITHH WHICH 
C USES THE GOLDEN S E C l I O N  B R A C h E T l N G  TECHNIQUE 

SUBROUTINE G O L D E N ( X r 5 t X S T A R t N )  
I M P L I C I T  DOUBLE F R E C I S I O N ( A - H r O - Z )  

F1 = 0.381966 
FZ = 0.618034 
STOL = 0.001 

C A L L  F U N C ( X r F X , N )  
F X L  = F X  
X L  = x 

DO 10 I = lt800 
XH = X L  t S 
C A L L  F U N C ( X H v F X H r N )  
JF(FXH,GT.FXL)  GO TO 30 
X L  = XH 
F X L  = F X H  

10 CONTINUE 



. 
20 IF(I.EO.1) G O  TO 30 

XL = XH - 2 . * S  
CALL FUNC ( XL FXL , N') 

30 DELTA = XH - XL 
DO 60 IB = 1,300 - 

DELl = FISDELTA 
DEL2 = F2$DELTA 
X1 = XL t DELl 
X2 = XL t DEL? 
CALL FUNC(XlrFX1rN) 
CALL FUNC(X2rFX2.N) 
IF(FX2.GE.FX1) GO TO 40 
DELTA = XH - X1 
XL = XI 
GO TO SO 

40 DELTA = X2 - XL 
XH = X2 

so IF(ABS(DELTA)rLE.STOL) GO TO 70 
60 CONT I NU€ 

70 XSTAR = X2 
RETURN 
END 

C 
C THIS SUBROUTINE IS USED BY GOLDEN AS THE O B J E C T I V E  FUNCTION 
C THE TASh IS TO BAXIHIZE THE POWER--FUNCl ION CORt7ELA.I 10N 
C COEFFICIENT RX BY CHOICE OF THE VIRTUAL ORIGIN XO. 
C 

SUBROUTINE FUNC ( XO 9 FX 9 NUAR ) 
IBPLICIT DOUBLE PRECISION ( A - H r O - 2 )  
DIHFNSION Y ( 2 0 ) r T R Y ( 2 0 1  rX(20)9XSCALE(20) 
C OHMON / X / X / X S C A L E / X S C A 1. E / A X / A X / B X / I3 X / R X / R % / N f ' 7  S / N F '  T S 

DO 10 I = 1rNF'TS 
TRY(1) = X(1) - XO 
Y(1) = XSCALE(1) 

10 CONTINUE 

CALL P F U N C ( T R Y ~ Y , A X , B X I R % ~ N ~ T S )  

FX = -(fix) 
RETURN 
END 

C 
C PFUNC IS THE POWER-FUNCTION LEAST-SQUARES ANALYSIS FUNCTION 
C 

SUBROUTINE PFUNC(XrY,A,BrR,N) 
IBPLICIT DOUBLE PRECISION ( A - H 9 0 - 2 )  
DIMENSION X(20)rY(?O) 



TSMALL = 0,000001 
x1 = 0. 
Y1 = 0. 
s1 = 0. 
T1 = 0, 
w1 = 0. 
DO 10 I = 1rN 
IF(X(I).LE*O.)GO TO 2 
XL = DLOG(X(1)) 
GO TO 4 

2 XL = DLOG(TSHALL) 
4 IF(Y(I).LE.O.)GO TO 6 

YL = DLOG(Y(1)) 
GO TO 8 

6 YL = DLOG(TSMALL) 
e x1 = x1 t XL 

Y1 = Yl t YL 
s1 = s1 t XL*YL 
T1 = TI t XLXXL 

10 u1 = Wl t YLXYL 

XN = FLOATCN) 
D1 = XNtT1 - XlXXl 
AL = (YlST1 - XlXSl)/Dl 
B = (XNSSl - Xl*Yl)/Dl 
R = (AL*Y1 t EtSl - Yl*Yl/XN)/(Wl - YlSYl/XN) 
A = DEXFCAL) 

RETURN 
END 

C 
C LFUNC IS h LINEAR LEASl-SQUARES ANALYSIS ROUTINE 
C 

SUBROUTINE L F U N C ( X I Y ~ A I B I R I N )  
IflF'LICIT DOUBLE PRECISION (A-HIO-2) 
DIflENSION X(2O)rY(20) 

x1 = 0. 
Y1 = 0. 
s1 = 0. 
T1 = 0. 
w1 = 0. 
DO 10 I = 1rN 
x1 = x1 t X(1) 
Y1 = Y1 t Y(1) 
s1 = s1 t X(I)*Y(I) 
T1 = T1 t X(I)XX(I) 

10 u1 = w1 t Y(I)*Y(I) 

XN = FLOAT(N) 
D1 = XN*Tl - XlSX1 
A (Y18T1 - Xl*Sl)/Dl 
B (XN$Sl - XlLYl)/D1 
R = (A*YI t BfSl - YlSYl/XN)/(Wl - YlXYl/XN) 

RETURN 
END 



C 
C GRADIE IS USED TO FIND THE DIRECTION IN WHICH T O  BEGIN 
C SEARCHING TO ACHIEVE THE BEST FIT FOR THE INTEGRAL SCALE 
C CORRELATION+ 
C 

SUBROUTINE G R A D I E ( X ~ F X ~ P A R T I N )  
IflPLICIT DOUBLE PRECISION ( A - H v O - 2 )  

DX t= 1.OE-04 

X1 = X t DX 
CALL FUNC(X1vFXlvN) 
PART = (FXI - F X ) / I I X  

RETURN 
END 

. 



T e s t  Sect ion Max. Speed 

1.02 x 1 . 0 2  m 11.2 m / s  
(40 x 40 i n . )  36.7 fps  

0.411 x 0.411 m 74.7 m/s 
(16 .2  x 16.2  i n . )  245 fps  

71.3 m-1 
1 .81 i n . - l  

462 rn-1 
11.7 i n . - l  

Table 1.- VUES wind tunnel flow data. Assumed room 
a i r  a t  typical  conditions of 1.002 x lo5 N/m2 
(29.60 in.Hg) and 295 K (72°F). No model 
i n s t a l l e d  i n  tunnel. 



. 

Grid No./ 
Grid M cm Grid X cm U m/s T', % I X a c m  L - c m  

f 1 /10 .16  265.7 
234.5 
265.7 
265.7 
234.5 
215.5 
234.5 
215.5 
194.0 
215.5 
194.0 
173.2 
194.0 
173.2 
173.2 

t 2 l 5 . 0 8  265.7 
234.5 
265.7 
194 .O 
265.7 
194.0 
215.5 
173.2 
194.0 
173.2 
153.2 
173.2 
153.2 
153.2 

W3/5.08 265.7 
265.7 
265.7 
215.5 
215.5 
215.5 
153.2 
153.2 
153.2 

25.6 
25.6 
50.6 
71.3 
50.6 
25.6 
71.3 
71.3 
25.6 
50.6 
50.6 
25.6 
71.3 
50.6 
71.3 

25.6 
25.6 
50.6 
25.6 
71.3 
50.6 
71.3 
25.6 
25.6 
50.6 
25.6 
71.3 
50.6 
71.3 

26.4 
47.0 
64.5 
26.5 
51.5 
62.8 
26.4 
50.3 
64.6 

0.45 
0.53 
0.57 
0.63 
0.66 
0.70 
0.74 
0.85 
0.87 
0.88 
0.99 
1.01 
1.02 
1.16 
1.18 

0.22 
0 .22  
0.26 
0.28 
0.31 
0.1 
0.32 
0.32 
0.37 
0.38 
0.38 
0.40 
0.46 
0.48 

0.45 
0.46 
0.50 
0.60 
0.66 
0.74 
1.08 
1.19 
1.17 

0.82 
0.70 
0.98 
1.09 
0 .86  
0.64 
1.06 
0.94 
0.64 
0.81 
0.83 
0.57 
0.92 
0.72 
0.86 

1.43 
1.09 
1.51 
0.84 
1.38 
0.78 
0.81 
0.73 
0.71 
0.70 
0.63 
0.53 
0.45 
0.43 

0.79 
0.59 
0 .45  
0.61 
0.58 
0.68 
0.53 
0.58 
0.64 

6412.54 58.4 25.0 2.59 0.64 
58.4 49.8 2.73 0.66 
58.4 55.8 2.73 0.71 

#5 /5 .08  58.4 52.5 3.16 0.77 

No Grid ---e 51.6 0.16 1.35 
---- 65.1 0.34 1.18 

0.65 
0.53 
0.81 
0.86 
0.67 
0.44 
0.74 
0.65 
0.33 
0.58 
0.46 
0.19 
0.54 
0 .31  
0.40 

0.34 
0.31 
0.38 
0.26 
0.56 
0.30 
0.49 
0.23 
0.46 
0.27 
0.20 
0.43 
0.24 
0.39 

Table 2.- Summary of free-stream turbulence characteristics. 



. 0 

a B.L. Tnp 
8 

T , %  I, 06m 

1 

3 

6 

9 

1 

1 

1 

1 

1 

1 

1 

1 

1 

50.5 

64.2 

50.5 

64.2 

50.5 

64.2 

49.8 

51.1 

50.5 

64.2 

0.16 

I, 

I 

0.34 

0.46 

0.50 

1.19 

1.17 

2.73 

3.16 

0.16 

0.34 

~~ 

1.35 

I, 

I t  

1.18 

0.59 

0.45 

0.58 

0.64 

0.66 

0.77 

1.35 

1.18 

Exp . fc 

X d  

29.6 

29.7 

29.1 

27.9 

30.2 

29.7 

30.4 

29.7 

30.2 

29.7 

30.5 

30.1 

30.2 

* 2 0.25 cm est.  

Table 3.- Detachment locations shown by l i q u i d  film and 
corresponding flow condit ions .  



I X J  6.995 T‘, % Xd c m  
- 
0.46 29.7 0.25 

1.19 

0.67 

I .. 

0.56 0.31 .I I, 

11 0.38 t 

11 2.85 I. .I 

Table 4 .- Effect of f ree-s trearn turbulence 
intens i ty  upon detachment loca t ion  
with constant turbulence integral  s c a l e  

T ‘2 1 x 4  6.995 Xd Cm 

- - - 
1.64 29.7 2 0.25 0.30 

1.32 11 

Table 5.- Effect of free-stream integral  s c a l e  
upon detachment loca t ion  with 
constant turbulence in tens i ty .  



. 
Run 

- 
396B 

404A 

404B 

374A 

374B 

363 

403 

a" 

- 
1 

3 

9 

1 

.* 

u & I S  

50.5 

. 
.I 

64.2 

49.8 

51.1 

T '& 

- 
0.16 

1.19 

1.17 

2.73 

3.16 

Xd cm 

I, mcm Exp.* S t r a t .  1 Strat .  2 

1.35 29.6 28.3 29.9 

I, 29.7 27.1 27.7 

27.9 27.9 27.9 

0.58 29.7 27.4 30.1 

11 

0.64 30.2 27.7 29.9 

0.66 29.7 28.5 28.8 

0.77 30.5 28.4 30.0 

*Uncertainty 2 0.25 cm 

Table 6.- Comparison of experimental and 
predicted detachment loca t ions  

xd cm . 
Run Exp. S t r a t . 2  T ownsend 
- - -- 
396B 29.6 29.9 30.8 

404A 29.7 27.7 28.7 

374A 29.7 30.1 30.8 

363 29.7 28.8 29.26 

403 30.5 30.0 30.7 

Table 7 .- Comparison of two predict ion methods 
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Figure 1. Examples of typical autocorrelation coefficient 
measurement 
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Figure  3 .  Photograph of working s e c t i o n  area of wind tunnel 
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Figure  4 .  R e l a t i v e  t u r b u l e n c e  i n t e n s i t y  as a f u n c t i o n  of 
tunne l  free-stream v e l o c i t y  
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Figure 5. Flow probe support  s t r u c t u r e  
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Figure 7. Fiber-opt ic  surface-sensing device and a hot-wire 
probe 

Figure 8. V a r i a t i o n  of  h o t - w i r e  s i g n a l  w i t h  d i s t a n c e  from 
su r face  of m o d e l  a t  U, = 0 

DRIGINAL PAGE IS 
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Figure 9.  Photograph of Preston tube  

Figure 10. Sketch of a i r f o i l  c ros s  s e c t i o n  wi th  s p o i l e r  
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1 10.16 1.24 

2 5.08 0.32 

3 5908 1.24 

4 2-54 0.64 

5 5-08 0.64 
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*1.87 CM IN STREAPWISE DIRECTION 

Figure 11. Dimensions of turbulence-producing grids 
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gure 12. Typical g r id  installati 
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Figure 13. Effect of wind tunnel contraction on integral 
scales 
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NASA LOW SPEED TUNNELS ( R E F .  24) 

M,= freestream Mach number 
This figure adapted from Ref. 24 
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Figure 14. Effect of wind tunnel contraction on relative 
turbulence intensity 
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Figure  15. Cross-stream d i s t r i b u t i o n  of w i t h  minimum X/M 
g r i d  #5  
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Figure 16. Pressure distributions on the airfoil 
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Figure 17. T r a n s i t i o n  l o c a t i o n s  o n  t h e  a i r f o i l  w i t h  n o  
boundary layer  t r i p s  and no g r i d s  
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Figure 18. Liquid-film data on the separation zone: overhead 
views 
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, Figure 18 cont'd. 



Figure 19. Liquid-film result viewed at oblique angle 
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Figure 20. PI 
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'essure distributions and corresponding liquid- 
lm evidence of detachment 
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Figure 21. Pressure coefficient and liquid-film results for 
varying turbulence intensity 
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Figure 2 2 .  Pressure coefficient and liquid-film results for  
varying integral scale 
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PRESTON TUBE DATA 

INFERRED BY FITTING BOUNDARY LAYER PROFILE 
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Figure 23. The effect of turbulence intensity upon skin 
friction 



RUN T& % I,, cm 

0 360 0.16 1.35  

0 371 1.19 0.58 

A 3 8 4  2 . 7 3  0.66 
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Figure 24. Boundary layer  v e l o c i t y  p r o f i l e s  f o r  varying f r ee -  
stream turbulence: x = 22.1  cm 
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SEE FIG. 24 FOR SYMBOL CODE 
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Figure 25. Boundary layer turbulence intensity profiles for 
varying free-stream turbulence: x = 22.1 an 
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0 RUN 371 

A RUN 3 8 4  

0 RUN 388 

SEE FIG. 24 FOR SYMBOL CODE 
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Figure 26. Boundary layer integral scale profiles for varying 
free-stream turbulence: x = 22.1 cm 



RUN Td, % I,,cm 

0 383 1.19 0.58 

A 385 2.73 0.66 
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Figure 27. Boundary layer  v e l o c i t y  p r o f i l e s  for varying f r ee -  
stream turbulence: x = 29.7 cm 
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SEE FIG. 27 FOR SYMBOL CODE 
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Figure 28. Boundary layer turbulence intensity profiles for 
varying free-stream turbulence: x = 29.7 cm 



0 RUN 382 

A RUN 385 

0 RUN 387 

SEE FIG. 27 FOR SYMBOL CODE 
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Figure 29. Boundary l aye r  i n t e g r a l  scale p r o f i l e s  f o r  varying 

free-stream turbulence: x = 29.7 cm 
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Figure 30. Example of extremely high turbulence intensity 
near wall in separation zone 


